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INVESTIGATION OF MECHANISMS FOR THE SOURCE AND LOSS OF
ELECTRONS FROM THE RADIATION BELTS USING DATA FROM SEEP.

AND P78-1 SATELLITES

1. SUMMARY

An evaluation of the source and loss mechanisms for electrons trapped in
the radiation belts is needed both for a variety of practical applications and for
understanding radiation belt dynamics. Electron precipitation into the
atmosphere entails ionospheric effects that have important consequences for
radiowave propagation. It has been demonstrated that energetic electron
precipitation events may cause an enhancement or degradation of ELF signal
waves, depending upon where the disturbance is occurring along the path. At
VLF frequencies long-lived phase disturbances can be explained by excess D
region ionization caused by energetic electron precipitation. Precipitating
particles play a significant role in atmospheric chemistry through the production,
destruction and transport of reactive nitrogen, oxygen and hydrogen species. The
source and loss mechanisms also determine the fluxes of trapped electrons and
hence the dose rates that operational satellites will encounter on orbit. For many
missions the dose rates determine both the operation lifetime and the spacecraft
design in regard to shielding and component selection. Existing data indicate that
electrons are precipitated from the radiation belts both by natural mechanisms
such as lightning and plasmaspheric hiss, and by man-operated VLF transmitters.
The precipitation involves both electrons precipitating directly in the bounce loss
cone and electrons which mirror at altitudes above 100 km at most longitudes and
which after they have drifted to the vicinity of the South Atlantic Anomaly
mirror below 100 km and therefore precipitate into the atmosphere. Under this
contract we have used satellite particle and bremsstrahlung x-ray data as well as
ground based measurements to evaluate the source and loss mechanisms for
electrons trapped in the radiation belts.

2. THE PRECIPITATION OF LOWER ENERGY ELECTRONS IN
MICROBURSTS

With data from the SEEP payload on the low altitude polar orbiting S81-1
satellite a study was made of short duration (< 0.6 sec) microbursts of electrons
from the radiation belts. These events were studied at mid latitudes (2< L <3)
during nighttime and daytime as well as at higher latitudes (L >3). Comparison
of the electron data with simultaneous VLF receiver data from ground stations
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chorus emissions. Several of the electron bursts observed at nighttime and at 2<
L <3 were correlated with lightning generated whistlers. When daytime bursts at
higher latitudes (L> 3) were observed chorus was inevitably detected, but
correlation of electron bursts with individual spectral elements was not evident.
The results of this investigation are summarized in a reprint in Appendix A.

3. PRECIPITATING ELECTRONS WITH PEAKED ENERGY SPECTRA

A systematic survey of S81-1 SEEP electron spectra found a large number
of spectra with narrow peaks. The peaks occurred at low geomagnetic latitudes
near L=1.65, and the energies of the peaks changed with L-value in a
characteristic way. Similar peaks were reported by previous satellite experiments
and have been attributed to resonant interaction between the electrons and VLF
waves from powerful communications transmitters. The SEEP investigation was
the first to publish a map of the location on the globe where the peaks are
observed. At satellite nighttime the events cluster strongly at the longitudes of
either NWC in Australia or NAA/NSS in the eastern United States, confirming
that waves from VLF transmitters are the origin of the majority of the peaks. A
catalog of the resonant peaks in the SEEP data was searched for characteristic
time variations. The data revealed that the occurrence of peaks varies with the 27
day solar rotation period. The SEEP data also suggested a seasonal variation in
the occurrence of the peaks, but a mission which lasted 7 months cannot confirm
this phenomenon. To make a definitive study of seasonal phenomena 5.5 years of
P78-1 data were searched for the occurrence of peaks associated with VLF
transmitters. The seasonal variation was found to be statistically significant, with
peaks occurring 2.5 times more often in the spring and summer. The data also
suggest that there is a variation in the occurrence of peaks with the 11 year solar
cycle, but this cannot be confirmed without 11 years of homogeneous data. The
results have been submitted for publication in Radio Science and a preprint is
included in Appendix B.

4 COMPARISONS BETWEEN RELATIVISTIC ELECTRONS AT LOW
AND HIGH ALTITUDES

For the first time a comparison was made between simultaneous
measurements of trapped relativistic electron enhancements at synchronous
altitude and precipitating electrons in the bounce loss cone at low altitudes. It was
found that the precipitating flux levels correlated well with the variations in the
flux at high altitude. Within narrow spikes the precipitating directional fluxes



were often within a factor of 10 of the daily averaged trapped fluxes at
synchronous altitude. Strong depletions in the synchronous altitude fluxes were
found to be associated with low altitude measurements of the equatorward
movement of precipitating spikes to lower L shells. In a related study the fluxes
of relativistic electrons precipitating into the atmosphere were found to be
correlated with the fluxes of relativistic electrons at high altitudes measured from
the SCATHA satellite over the L shell range of 5.3 to 8.7. The precipitating
fluxes were obtained from P78-1 measurements in both the bounce and drift loss
cones. The quasi-trapped electrons in the drift-loss cone were less intermittent
and generally more intense, thereby providing a greater sensitivity for detecting
precipitation. The results are presented in more detail in Appendix C.

5. MICROBURSTS OF PRECIPITATING RELATIVISTIC ELECTRONS

Studies have been made under this contract of the mechanisms responsible
for the precipitation of relativistic electrons into the atmosphere. Significant
fluxes of precipitating relativistic electrons above 1 MeV within the bounce loss
cone were much more often observed near midnight than noon, generally in
narrow spikes < 100 km in width, and typically at L values between 4 and 6 near
the radiation belt boundary. This preferred location of the broader bursts as well
as narrow microbursts with durations of less than one second implies the possible
importance of irregularities in the magnetic field lines near the trapping
boundary as a loss mechanism. To investigate whether wave-particle interactions
with VLF chorus are responsible for the triggering of the relativistic electron
microbursts we searched VLF wave data recorded at Siple Station at times when
the satellite was near Siple or its conjugate point. VLF chorus events were
generally not observed on the ground when microbursts were detected in nearby
passes of a low altitude polar-orbiting satellite. The available data thus appear to
indicate that many of the bursts may not be due to wave-particle interactions with
VLF chorus. These results are contained in a reprint and in a preprint included
in Appendix D.
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Characteristics of Short-Duration Electron Precipitation Bursts
and Their Relationship With VLF Wave Activity

W. L. IMHOF. H. D. Voss. J. MOBILIA. AND M. WALT

Lockheed Palo Alto Research Laboratory. Palo Alto. California

U. S. INAN AND D. L. CARPENTER

STAR Laboratory. Stanford University. Stanford. California

Energetic (>6 keV) electron data from the SEEP payload on the low altitude (-200 kin) polar
orbiting S81-1 satellite indicate a high rate of occurrence of short duration i<0.6 s) electron
precipitation bursts. Characteristics of events observed at night (2230 MLT) versus daytime (1030
MLT) and at midlatitudes (2 < L < 3) versus higher latitudes (L > 3 ) were distinctly different in
several ways. For 2 < L < 3 the daytime bursts occurred approximately uniformly in longitude and
%,ere equally distributed between the northern and southern hemispheres. The nighttime bursts in the
same L shell range occurred approximately twice as often on a worldwide basis and were observed
predominantly in the northern hemisphere and at longitudes of 260"E to 320"E. In a significant number
of the nighttime events at 2 < L < 3 the median electron energy increased with time during the burst.
but most of the other spectra showed no well-defined trend. During some of the nighttime bursts broad
peaks were observed in the energy spectra. but these peaks were not so evident in the daytime bursts.
On higher L shells. L > 3. narrow electron precipitation bursts (<0.3 s duration) were frequently
observed poleward of the plasmapause. more often near noon than near midnight and much more
frequently than at 2 < L < 3. Companson of the electron data with simultaneous VLF wave data from
Palmer (L - 2.4) and Siple (L - 4.3) stations in Antarctica indicated a varying degree of association
of electron bursts with whistlers and chorus emissions. Several of the electron bursts observed at
nighttime and at 2 < L < 3 were correlated with lightning-generated whistlers observed at Palmer
Station. When daytime bursts at higher latitudes (L > 3) were observed on satellite passes within 50"
of the Siple meridian, chorus was invariably detected at Siple. but correlation of electron bursts with
individual chorus spectral elements was not evident. The lack of such correlation may be due to the
limited spatial extent of flux tubes excited by individual chorus elements which are possibly generated
without mutual coherence in multiple high altitude magnetospheric locations. Within one hour of all
four of the satellite passes within 400 km of Siple with the highest rate (a 10 individual bursts per pass)
of burst occurrence, overhead electron precipitation was clearly detected by ground based sensors at
Siple Station. Quasi-periodic bursts of several seconds duration were observed on one or more of the
photometer. riometer. and magnetic pulsation sensors and many of these bursts were correlated with
clustered VLF chorus bursts. Hence. there is at least association of chorus with electron precipitation.

INTRODUCTION viewpoints of ground stations and balloons. On Injun 3.

In a recent paper. Imhofer al. [1986], we considered the Oliven and Gurnett 11968] made simultaneous measurements

contributions of various VLF wa - types to the loss rates of electron bursts (of duration less than one second) and

into the atmosphere of electrons trapped in the slot region of VLF chorus emissions at high latitudes. They found that

the radiation belts. From that investigation, as well as earlier electron precipitation bursts were always accompanied by

comparisons between nighttime bursts and whistler activity chorus, but chorus bursts were not always accompanied by

[Voss et al.. 1984], it was suggested on the basis of the electron precipitation bursts. It was not generally possible to

longitude and L shell variations that some of the well-defined find a one-to-one association between individual electron

bursts at nighttime were associated with lightning generated precipitation bursts and individual chorus emissions. In a
more recent experiment precipitation events of electrons

whistlers and some of those in the daytime may have been 0o 2 e tinrom t 2reoseve d frot
causd b oter wve ype suc aschous. oweer.the 0.63 to 20 keV lasting from I to 2 s were observed from thecaused by other wave types such as chorus. However, the

daytime electron precipitation events were not compared HILAT satellite and interpreted by Hardy and Burke (1987]
t sas arising from the interaction of VLF waves (possiblywith simultaneoues oare etof waves or with ground- chorus) with plasma sheet electrons.

observed signatures of particle precipitation. nor were many With the SEEP payload on the S81-I spacecraft. Voss er
features of the electron precipitation such as the dynamic al. [19841 found one-to-one correspondence between a series
energy spectra and the time profiles intercompared between of nighttime electron bursts in the northern hemisphere near
the daytime and nighttime events. L = 2.5 and a series of whistlers recorded at Palmer Station.

Over the years burst precipitation at mid and high latitudes Antarctica in the south. In rocket experiments, Rycroft
and its association with wave activity has been studied from [1973] recorded a burst of electron precipitation at the time
the perspectives of satellites and rockets and from the of a two-hop whistler recorded nearby on the ground, and

Copyright 1989 by the American Geophysical Union. Goldberg et al. [19871 observed X ray bursts that were

Paper number 89JA00729. coincident with lightning detected by nearby ground sta-
014-0227/89,g9JA-00729S05.00 tions.

10.079



ltlw?,o IMHOI- ET 4,L SHIorT-DL R Io% ELECTRON PRECIPITTION BURSTS-

Burst precipitation associated with discrete %%aves such as of 2.47 cm- sr. a threshold energy of 45 ke '. and an energ%
whistlers or chorus has been detected at ground stations b% resolution of abot, 20 keV. Total integral counting rates
photometers and radiowave receivers and on balloons by X above several thresholds in each of the spectrometers V
ray detectors. For bursts inside the plasmasphere. the cor- recorded during successive 0.064 second intervals. an,
related waves have generally been lightning-associated whis- pulse height address of the first count in each successif e
tiers, and the lightning-induced electron precipitation tLEP) 0.004-s interval was recorded for TE2 and for MEl.
events have been detected by observing perturbations In the data analysis L values were calculated using the
(Trimpi effects) on subionospherically propagating VLF Goddard Space Flight Center (GSFC 1266) geomagnetic
waves le.g.. Helliell er al.. 1973; Inan and Carpenter. 1986. field model [Cain et al.. 1967] for the Epoch 1980.
19871. Poleward of the plasmapause the waves have usually
been VLF chorus emissions, some of which showed evi- OVERVIEW: ELECTRON BURSTS OBSERVED
dence of being triggered by whistlers. Correlated bursts of X OVER A WIDE RANGE OF LATITUDES
rays and whistler-triggered chorus were observed at Siple Narrow bursts of electron precipitation with total dura-
Station. Antarctica IL = 4.3) and were reported by Rosen- tions of less than 0.6 s were observed in the SEEP exper-
berq et al. 1971] and by Foster and Rosenber 11976 . ment over a wide range of latitudes including L = 2 to 5. ThePrecipitating electrons with energies between -70 and 2-50 latitudinal distribution of such bursts for a particular orbitalkeV were interpreted to be the primary contributors to theobsevedX ra flx. he tpicl VF bust onsstedof to pass is illustrated in the lower and middle panels of Figure 1.
observed X ray flux. The typical VLF burst consisted of 3 to A strong and isolated electron precipitation burst was ob-
- rising elements of 0.1 seconds duration separated by -0.15 served at L = 2.47, equatorward of the plasmapause. which
s and was confined to the frequency range 1.5 to 3.8 kHz. In at this time was estimated to have been at L = 3.6 from
later experiments at L = 4.3 a detailed correlation was found round-based whistler data. At L - 2.8 there were sometn two events between electron microbursts and chorus goudasdwitedtaAtL=2.thrwreom

intwof ev s requeen e ervon rorspan her weaker events, but otherwise no strong burst activity until
elements of rising frequency observed at ionospheric conju- L - 3.6. beyond which burst activity substantially increased.
gate points of the geomagnetic field fRosenberg et al.. 1981J. Bursts were detected frequently, at time separations of less
Recently. the subionospheric signal from the Siple. Antarc- than 10 s. In this and many other satellite passes on which
tica. experimental VLF transmitter received at several Ant- short bursts were observed, electron burst activity was

arctica stations has been used to detect wave-associated
precipitation effects poleward of the plasmapause (Car- concentrated above a well-defined L value near L 4 which

penter et al.. 1985: Hurren et al., 1986]. we associate with the plasmapause or its near vicinity in the
To extend our understanding of the burst precipitation poleward direction.process. we have surveyed electron precipitation on a global Throughout the SEEP pass illustrated in Figure 1. Sip'

proess wehav suveed lecronpreiptaton n agloalStation (L = 4.3. 76"S, 276"E) recorded strong chor,
basis and where possible compared the electron data with emissions in the band -0.5 to .5 kHz. Spectrograms of the

ground measurements of simultaneous wave activity and eisosi h ad-. o15kz pcrgaso hgroud masuemets f smultneos wve ctiityand wave activity during subintervals are shown at the top of
ionospheric effects. The present paper describes preliminary Figurectivtheydarenrestrictedvtos2-serecording intervals
work of this kind. based upon electron measurements aboard Figure 1; they are restricted to 2-s recording intervals
wheor oitin ba1sedapotelletn meuremen aard between 3-s pulses from the Siple Station experimental VLF
the polar orbiting $81-1 satellite. Burst phenomen; are transmitter. pn-oon preain pewe heeeto
studiedbh(= t a ahOne-to-one correlations between the electronstuded othat mdlaitues I 2 o 3 andat ighr L bursts at L > 3.6 and chorus structure were not observed.
shells extending beyond the plasmapause. The temporal and Such correlations were not necessarily expected. in view of

energy spectral characteristics of nighttime and daytime th sobstationitere ssarily epce in d

bursts are investigated, and VLF wave data recorded at the substantial longitude separation of the spacecraft and

Siple and Palmer Stations in Antarctica are searched for ground station (-26" or -700 km at L - 4.3) and the fact that

wave activity that may be associated with the electron only a subset of magnetospheric chorus waves (i.e.. ducted

bursts. signals) are observed on the ground. Whistler propagation to
Palmer Station (L - 2.4. 65"S. 296"E) was observed at rates

DESCRIPTION OF INSTRUMENTATION of 20 to 40 per minute during synoptic recordings that both

The stimulated emission of energetic particles (SEEP) preceded and followed the SEEP pass. The satellite track at
hexeimntante temaxissi osenegetalie S ace S L = 2.5 was -I100 km to the east of Palmer. and while noexperiment on the three-axis stabilized 581-1 spacecraft ground recording was made during the overpass, a causal

contained an array of cooled silicon solid state detectors to relation between whistlers and the burst activity at L = 2.47

measure electrons and ions (Voss et al.. 19821. The data an n ea =2 iscnered liely.

were acquired over the period from May 28. 1982 until

December 5. 1982. The S8 1-1 satellite was in a sun synchro-
nous 1030 and 2230 local time polar orbit (inclination - ELECTRON PRECIPITATION BuRsTs AT MID-LATITUDES

96.3') at 170 to 280 km altitude, traveling southward during In the midlatitude range. L - 2 to 3. daytime and nighttime
the daytime. The electron spectrometers were oriented at bursts were identified by the following selection criterion: a
various angles to the local vertical. Data are presented from factor of 2 increase in the integral (>45 keV) flux observed
only two of the spectrometers. The spectrometer TE2 at 90* with both the MEl detector (at 0' zenith angle) and the TE2
zenith angle (approximately 90 pitch angle for the data detector (at 90* zenith angle) and a total pulse length (full-
presented) had an acceptance angle of ±200 and a geometric width-at-half maximum, including rise time. width, and
factor of 0.17 cm2 sr. The pulse-height analyzer for the data decay) of less than 0.6 s. (Many "weaker" bursts and longer
presented had a range of 6 to 930 keV with energy steps of bursts were observed, but they are not considered here).
3.62 keV. The instrument MEI at a zenith angle of 00 Multiple bursts with a repetition period of a few tenths of a
iapproximately 300 pitch angle for most of the data pre. second were considered part of the same event. To be
sented) had an acceptance angle of -30*. a geometric factor classified as distinct events, pulses had to be separated by
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Fig. 1. Counting rate versus time for the ME I 1>45 keV) and TE2 (>45 keV) detectors during a daytime pass of the
S81 -1 satellite. Also shown is the frequency-time record acquired at Siple Station. Nonrecording times are blank.

more than 7 s. With such criteria at mid-latitudes. 59 events The characteristics of eight representative bursts (four at
at night and 26 in the daytime were found from the 6-month night and four in the daytime) at 2 < L < 3 are presented in
data set. With a broader criterion, one second rise time and Figure 3 with the same format as the previous figure. In the
3-second decay time, 222 electron bursts at L = 2 to 3 had spectral presentations only the median energies for each
been selected [Imhof et al.. 19861 from this data set which 0.064 second interval are shown. The times and coordinates
had a comparable number of daytime (4854) and nighttime of the satellite during each of the observations are indicated.
(4773) satellite passes. In these nighttime events an initial peak in the TE2 detector

As an example the detailed time and energy characteristics is followed by subsequent peaks separated by about 0.5 s.
of a nighttime burst at L = 2.27 are presented in Figure 2. These peaks are believed to be due to multiple bounces
The counting rates versus time are shown in the left-hand (between hemispheres) of the electrons that have first inter-
section for the MEI and TE2 detectors for E > 45 keV. The acted with the waves and then backscattered from the
listed start time of the plot is chosen to place the peak of the atmosphere [Voss el al., 19841. In these plots the evidence
burst in the 900 detector at t = I second. In the right-hand for multiple bounces between hemispheres is stronger at
section of Figure 2. the energies of individual electrons nor than dun t e hmisphe ightimert
sampled by the TE2 detector at a maximum rate of one night than during the day. Typically, for the nighttime bursts
during each 0.004 s are plotted as a function of time for those the counting rate in the MEI spectrometer at 0' zenith angle

periods when the counting rate was significantly above is very weak on the first pulse in comparison to the TE2
background. In addition, median energies are plotted as detector near 90* pitch angle or to subsequent pulses in the
squares for each 0.064.-, interval, and these squares are ME I spectrometer. This effect is discussed in more detail by
connected with straight lines. Voss et al. [19841 and is attributed to changes in the electron
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Fig. 2. Data from a representative isolated night burst. In the left-hand section is shown the counting rate versus
time for the ME I and TE2 detectors. In the right-hand section are shown the energies of individual electron counts and
median energies during 0.064-s intervals in the TE2 detector.
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Fig. 3. Data trom representative isolated night and day bursts at L - 2 to 3. In the left-hand section is shown
counting rate versus time for the MEI and TE2 detectors. In the right-hand sections are shown the median energies
dunng 0.064-s intervals in the TE2 detector.
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TABLE 1. Spectral Trends With Time for Narro Bursts at examples shown in the let-hand section of the figure. except
2 < L < 3 for the October 25 case in which an unusually prolonged rise

Median Energy time perhaps unrelated to the burst itself, displayed a de-

Trends With Number of Number of creasing average energy. A detailed interpretation of the
Time During the Daytime Nichttime common trend. associated with the time variation of wave

Burst Cases Case f trequency in whistlers. is discussed by Inan et al. [19891.

Rises 0 is Most of the daytime events fright-hand panels) showed little

Falls 4 systematic spectral variation with time during the burst. A
Falls. then rises 1 5 summary of the spectral trends with time during each of the
Rises. then falls I 85 bursts reported here is given in Table I. The trends were
Not %%ell defined 19 33 obtained by visual inspection and are listed as not well

Total 26 59 defined unless a clear-cut slope associated with the enhanced
flux was apparent. Many of the 'not well defined" cases can
be attributed solely to the relatively low counting rate

pitch angle distribution when the initial pulse is reflected by increase during the burst.
atmospheric scattering. The time-integrated energy spectra of the electrons re-

In the right-hand portion of each panel in Figure 3 the corded during a 0.64 second interval spanning representative
median energies are plotted as a function of time beginning nightside and dayside bursts are shown in Figure 4. Back-
when the counting rate was significantly above background ground counting rates in each channel, taken to be equal to
and extending for 0.192 s after occurrence of the peak flux. the rate preceding the burst, have been subtracted. In order
At nighttime the median energy often tended to increase with to reduce the statistical scatter the 3.62-keV-wide energy

time during the first pulse. This behavior occurred in the channels are grouped by fives. A broad peak sometimes
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Fig. 4. Representative energy spectra meaured during 0.64-s intervals in the TE2 detector for isolated nighttime and
daytime electron bursts.. The time% listed are UT ij start time- for the intervals.



lt).O1?. IMHOF ET AL.- SHORT-DIRArIO% ELECTRON PRECIPITATION BURSTS

12 , higher precipitation fluxes. The nighttime events were con-
centrated in the north at 260°E to 320°E longitude. This

DAY concentration is probably due to several factors, such as the
distribution of lightning activity and the proximity of the
South Atlantic Anomaly. The latter has the effect of reducingI-

z the flux normally present at the satellite altitude and allows> small flux increases to satisfy the selection criteria. The east
LU

i c oas of the United States is a known region of high
thunderstorm activity [Turman and Edgar. 1982: Mobilia et
al.. 1985: Orville and Henderson. 19861. and this concentra-

-2 tion of lightning flashes would lead to more electron burst
Z -events in this region at nighttime. However. ground-based

0 -__ __ __ __ __ __ __ __ ___I

Iobservations of ionospheric effects of LEP bursts indicate a
<  NIGHT high level of event occurrence at longitudes of the western

10 United States (e.g.. 240*E to 260°E) (Inan et al.. 19881.
0 -In the nighttime ground-based measurements of iono-
u. 8 spheric effects of LEP events also suggest that a compara-
0 tively high rate of events and generally larger fluxes should

W 6 occur in the southern hemisphere near the longitudes of the
South Atlantic Anomaly [lnan et al.. 1988). The relatively

=Z 4 small number of nighttime events observed in the south at
260*E to 320°E longitude can primarily be attributed to larger

2 background fluxes of trapped electrons near the South
Atlantic Anomaly and to the somewhat higher altitudes of

S37the satellite in the southern hemisphere. We note that°0 1 2 3 4 5 6 7 8 9
measurements of ionospheric effects are sensitive only toKp precipitating electrons while the sensitivity of the satellite-

Fig. 5. The distributions in Kp values for the bursts at L =
tO 3. S11-JISEEP* NICHTTIME BURST EVENTS

O DAYTIME BURST EVENTS
3.0 . . .. I ' ','11 '

appears in the nightside energy spectra, but peaks are not so SIPLE PA LER

evident in the daytime spectra. The electron energies in- . NORTH 0 C

volved are generally consistent with those expected to arise 49 0
from equatorial gyroresonant interactions within the plasma- •0 0 0

sphere with whistlers or outside the plasmapause with either 2.6 • 0

whistlers or chorus emissions at frequencies up to a few Lo 0
kHz. 2. 0 a

Histograms of the geomagnetic activity conditions (Kp) o
under which the dayside and nightside bursts at L = 2 to 3 22

were observed are presented in Figure 5. The occurrence of 2.2 -
do*

nightside events follows approximately the probability of 0•
occurrence of various Kp levels. In contrast, the daytime 2. , , , ,0 O0 0 0 200 240 210 320 360

events show a tendency to occur with greater probability as LONGITUDE 1ceg E)
disturbance levels increase from moderate to severe. A
statistical comparison of the day and night distributions 3.0 'o.
using the U-test of Wilcoxon. Mann. and Whitney shows a a
that these two distributions are different, the probability that 2.b SOUTH *0 0
they are samples drawn from a common distribution being a
0.005.

The L shell and longitude locations of the burst observa- '"

tions are presented in Figure 6 for each of the events at 2 < L 0 0o
L < 3. The daytime and nighttime events are plotted with 2.4 -

open and closed circles, respectively. The coverage at the 0
two local times was approximately equal, and a comparable o2 a PALMER
number of passes was obtained at each longitude and L shell. 0 PLE

As noted above, narrow bursts were identified only about

half as often in the daytime as at night. The higher rate of 2.0 ............ 2 3..
0o 1010 M 240 2" 2O 360

event occurrence at night may result from increased iono- LONGITUDE to" as
spheric (D region) absorption during daytime at VLF fi- Fig. 6. The longitude and L shell locations of each of the narrow
quencies [Helliwell. 19651. Due to this effect, whistler wave bursts at L - 2 to 3 in the northern and southern hemispheres. The
intensities in the magnetosphere would be expected to be meridians of Sipie and Palmer stations and their conjugate pomts are
higher at night than during day thus leading to generally indicated.
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Fig. 7. Ratio of the net counting rate (with preburst rate subtracted) in the ME I detector to that in the TE2 detector.
plotted as a function of the altitude of the conjugate point. The MEI spectrometer is at a zenith angle of 0" and typical
pitch angle of -30

°
. For the TE2 spectrometer these angles are 90 and -90*. The ratio of counting rates for isotropy

is mndcated.

based burst detection also depends on the background of distributions show less flux near 300 than 90r. The variation of
trapped flux. Our data also suggest a somewhat higher the pitch angle distribution with altitude of the conjugate point
nighttime rate of occurrence in the south in the longitude is similar for both daytime and nighttime events: this result may
range of 120°E to 260°E. The reasons for this effect are not reflect the importance of atmospheric effects at both local times
known and statistics are not sufficient for any definitive rather than any similarity in the precipitation mechanism.
conclusions. In contrast to the nighttime bursts, the daytime It has not been possible to sort all of the daytime L = 2 to
events display a slight preference for occurrence in the 3 events with respect to plasmapause location. The results of
southern hemisphere but indicate no significant longitude earlier studies of plasmapause radius as a function of geo-
variations within the limited statistical accuracies. magnetic activity (Carpenter and Park. 1973J suggest that

Let us next consider the pitch angle distributions associated the plasmapause was at L < 3 during some of the burst
with the electron precipitation bursts at different locations. A observations that occurred under relatively disturbed condi-
simple and convenient parameter representing the pitch angle tions. However. it is likely that a significant fraction of the
distribution is the ratio of net counting rate (with preburst rate daytime bursts occurred within the plasmasphere. as illus-
subtracted) in the ME I detector (at -30r pitch angle) to that in trated above for the case of Figure I.
the TE2 detector (at -90r pitch angle). Since one would expect Most of the nightside events are believed to have occurred
this ratio to be influenced by the local atmospheric loss cone, within the plasmasphere, based on considerations of mag-
the ratios are sorted by conjugate altitude, separately for day netic activity (and in individual cases upon analyses of the
and night local times. The ratios are shown in Figure 7 during correlated whistlers (e.g., Voss et al.. 19841). This inference
the 0.064-s interval at the time of the peak counting rate in the is supported by the lower disturbance levels associated with
TE2 detector: they are plotted as a function of the conjugate these cases. and the fact that the plasmasphere radius at
point altitude. The ratio for pitch angle isotropy allowing for -2230 MLT is on the average larger than it is in the
differences in the geometric factors of the two detectors is post-dawn sector, where it tends to be near a diurnal
indicated. The ratios show considerable scatter but tend to minimum [Carpenter. 19661.
decrease with increasing altitude ofthe coqjugate point, and for
large negative values of the altitude at the conjugate point the ELECTRON PRECIPITATION BURSTS AT HIGH LATITUDES
MEI/TE2 ratios indicate a more isotropic distribution. Even At L > 3 narrow electron precipitation bursts were de-
under the latter conditions the ratios are still less than those tected much more frequently than at L < 3. Accordingly. an
corresponding to isotropy. or equivalently the pitch angle initial study was made of 87 satellite passes (61 in daytime.

V ___ lM aBRiB IN ~~~~iH i i a
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Fig. 8. Data from repre,;entative night and day bursts at L =4 to .5. In the left hand sections are shown counting

rate versus time for the ME!I and TE2 detectors. In the right-hand sections are shown median energies during 0.064-s
intervals in the sEI detector.

26 at night) from the period of May 28 to December 5. 1982. MEI spectrometer was significantly above background. No

Many of the passes studied were processed because the consistent trend with time is evident in the median energies.

satellite passed near (within =- 10") the meridians of Siple or On 58 of 87 satellite passes, one or more narrow bursts

Painer station. (276E and 296"E. respectively). but other- were found at L = 3 to 5. The frequent clustering of bursts

wise there was no special selection criterion. Narrow bursts above some L value was indicated in Figure I and is further
at L > 3 were identified by the criterion that the MEI illustrated for day and night passes in Figure 9. where the

detector show a counting rate increase of at least a factor of counting rates in the ME I detector are plotted as a function

2. that it be above 103 counts/second. and that the full width of time. On the top pair of panels, low L values are at the

at half maximum of the counting rate peak be less than or center of the page. In the daytime example at left. bursts are

equal toO0.3 s. No restrictions were placed on the appearance seen as narrow spikes extending above an envelope that

of another burst nearby in time. drops sharply, by about an order of magnitude at L - 3.5.

Time profiles of the counting rates and median energies for after which the count rate is low and steady. In the night

peaks occurring at L - 4 to 5 are shown in Figure 8 for example neither narrow bursts nor elevated counts at higher
several dayside and nightside bursts. The listed Stan times of L were observed. In the middle par of panels. higher L

the plots are chosen to place the peak of the burst in the MEI values are at the center of the page. Both passes show a

detector at t A I s. The energy spectra were taken from the relatively clear transition to a region of higher count rate and

ME I spectrometer. since the events were much more prom- narrow burst activity at L > -3.4. For both panels at the

inent in that detector than in the TE2 spectrometer. In the bottom of Figure 9. higher L is at the right. In the dayside

,'VE detector individual pulse height addresses were re- case. an abrupt transition to strong burst activity occurs at

corded at a maximum rate of 16 per 0.064 s as with the TE2 L -, 4. while the nightside case shows a complex structure

detector. As in Figure 4. energy points are shown at times throughout. Note. particularly in the middle and lower

beginning when the counting rate was significantly above panels the tendency for narrlow spikes to be superimoosed

background and extending for three time frames (0. 192 s) upon or otherwise accompany fluctuations with time dura-
after the peak flux. provided chat the counting rate in the tions near 10 s.
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Fig. 9. Counting rate versus time for the MEl (>45 keV) detector during various passes of the S81-I satellite.

Figures 0a and lob show by solid dots the L values of ings during d.-,yside passes. However. in the case of night-
bursts on those 44 of 61 passes on the dayside and 14 of 26 side satellite observations at L - 2 to 3, a number of
at night, respectively, during which at least one narrow burst recordings were made at Palmer (L - 2.4). and cases have
was observed at L - 3 to 5. The times in seconds and previously been found in which whistlers occurred in close
longitudes for crossing L = 4 are given. The average time coincidence with the electron bursts in the L = 2 to 3
frequency of occurrence of daytime bursts increased rapidly range f Voss er al.. 1984: McNernev et al., 1987]. An example
between L = 3.5 and 4. At night the distribution was more occurred on September 9. 1982 and was presented by Voss et
uniform, but Figure lOb suggests that this finding was al. [19841. Another example, from October 20. 1982. is
dominated by a single case (November 25. illustrated at shown in Figure II. The upper two panels show the 0 to 10
lower right in Figure 9). The comparatively higher levels of kHz dynamic spectrum and 2 to 3 kHz log amplitude of the
activity on the dayside are believed to be associated with the VLF wave activity at Siple. As in the case reported by Voss
morningside peak in chorus activity in the magnetosphere et al. [19841. the satellite was in the northern hemisphere and
(Burton and Holzer. 1974: Burds and Hellisell. 1976). at a longitude roughly 1600 km to the west of the conjugate

point to Palmer Station. Arrows beneath the wave amplitude
SIMULTANEOUS WAVE MEASUREMENTS records show the times of the radio atmospherics of the

AND ELECTRON BURSTS lightning discharges for the five prominent whistlers, each of

A substantial number of continuous ground recordings which preceded a surge in the electron count rate by -0.5 s.
were made at Siple and Palmer. Antarctica. stations during In the daytime, only one electron burst event at L -, 2 to
SEEP passes at nearby lo gitudes. Unfortunately. many of 3 was recorded near the meridian of Palmer Station or its
the Siple recordings were only available for 2 s out of every conjugate. as indicated in Figure 6. This event, illustrated in
5 during times when the transmitter was of. as illustrated in Figure 1. occurred during a period when whistlers propagat-
Figure 1. and at Palmer there were few simultaneous record- ing in the L range 2.8 to 3.0 were recorded at rates of -20 to
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Sg-I SEEP LOCAL DAY PASSES
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(19822 (UTs) (dog El (NIS)

2S NOV 11265 122 N
3 NOV 20034 14 N
3 NOV 71038 101 S

26 SEP 578a1 ISO S
26 SEP 78833 197 N
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22 SEP 25067 43 N I
12 AUG 813.7 167 S
I AUG 1OSq 279 S
I AUG ?61 1. S

AUG S33.8 260 5
* AUG 56093 237 S
6 AUG 3140 277 S
6 AUG :::39 :0 1
*AUG 617 286

4 AUG '348 300 S
3 AUG 81400 t6S S
I AUG 5320 260 S
3 AUG 7023 Ila S
I AUG S761 2350 S I

31 JUL 9030 2*0 S I
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2' JUL 53156 265 S
27 JUL *6304 283 S
26 JUL 39032 2*4 5
26 JUL 035 0 211 S-
26 JUL .4019 304 5
2S JUL 0257 301 S
24 JUL 726091 00 S
24 JUL 51012 716 S
24 JUL 46516 296 S

24 JUL 4*473 341 N
20 JUL !11447 076 5
11 JUL 13a7 267 S
13 JUN *6675 320 N
20 MAY 6063 249 N
20 MAY 51807 27? S
20 MAY S3007 273 S

3.0 3.5 4.0 4.5 5.0
L

Fig. l0a. Each narrow burst with a time width of 0.3 s or less plotted as a function of L during each of several orbits
in which at least one narrow burst was observed over the range L = 3 to 5.

40 per minute at Palmer Station. It is likely that the weak remaining 23 passes. I-min synoptic recordings either con-
burst events in Figure I near L = 2.8 were associated with tinuous or on a 2 s out of 5 s basis were available within
this ducted whistler activity, and that the burst at L = 2.47 several minutes of the SEEP pass. Thirty-three of the forty
was induced by a particularly strong whistler component passes were on the dayside. and during or near each of these.
which propagated on a nonducted path originating close to a chorus activity was observed at Siple. An example is that of
source lightning discharge. Figure I. in which discrete chorus elements appear against a

The nightside and dayside particle observations at L > 3 relatively continuous band of background noise.
were supported by a number of simultaneous wave record- In many of the 33 dayside cases there was also whistler
ings at Siple. Of 40 passes within ±S0 ° of the Siple meridian activity, with triggering of chorus bursts in the I to 4 kHz
on which one or more narrow bursts (<0.3 s) were detected, range by whistler components propagating outside the plas-
simultaneous ground recordings either continuous or on a mapause. This type of spectral record is interpreted as
2 s out of 5 s basis were available during 17. For the evidence that the plasmapause L value was equatorward of

SI1-IISEEP LOCAL NIGHT PASSIES

DATE TIME LONG LAT
(1062) (UTa) (dq El (NiS)

2i NOV 14339 213 N
24 NOV 70360 21 N

3 NOV 137l7 26 N
2 NOV 73758 12 N

25 OCT 0341 le3 S
* OCT 8*79S 038 N

30 SEP i976 276 N
30 AUG 09867 178 S
1 JUtL 41722 137 N
9 JUL 495 4 82 N

22 JUN 47277 9 N,
22 JUN 1IN 216 N
28 JUN 3784 I N
is JUN 11111 91 .

31 3!S 6..5 a.#
L

Fig. l0b. Each narrow burst with a time width of 0.3 s or less plotted as a function of L during each of several orbits
in which at least one narrow burst was observed over the range L - 3 to 5.
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Fig. 1. In the top sections are shown the frequency-time record and the integrated wave intensily as recorded at
Palmer Station. Arrows beneath the wave amplitude records show the times of the causative atmospherics of the five
principal whistlers. In the bottom section the counting rates in the ME I (>45 keV) detector at 0' zenith angle and the
TE2 (>45 keV) detector at 900 zenith angle are plotted as a function of time. Ephemeris information for the satellite pass
is provided at the bottom of the figure.

Siple [e.g.. Helliwellet al., 19801, as it was found to be for To illustrate the complex relations between the wave and
the pass of Figure I. Both the dispersion properties of the electron data during the 40 passes within "50 ° of the Siple
whistlers surveyed and the high Kp levels associated with meridian, we show in Figure 13 and 14 two of the four cases
many of the dayside passes suggest that in most of these when continuous ground VLF recordings at Siple (a synoptic
cases, the plasmapause was actually at L < 4 [e.g., Carpen- record of 53-s duration), were available during the satellite
ter. 1966: Carpenter and Park. 19731. Thus. the bulk of the pass.
narrow electron bursts observed on the dayside at L > 3 are Figure 13 shows a dayside case in which the satellite
inferred to have occurred poleward of the plasmapause and crossed L = 4.3 about 200 east of Siple (-540 kin). High
in the low density region where chorus is a major form of burst activity was observed on the satellite, while the wave
natural wave activity [Burtis and Helliwell, 1976). activity included pulsating (-10 s) clusters of chorus ele-

For reasons discussed below, it was not anticipated that ments within a band below - I kHz and sporadic 2 to 3 kHz
the individual chorus waves associated with electron bursts bursts, some of which were found to be triggered by whis-
would be readily identifiable on ground records. In fact. such tiers.
an identification was not achieved in the 17 cases for which Figure 14 shows another dayside case from -20r west of
simultaneous wave and particle data were available. Figure Siple. In this case there was a prominent band near I kHz
12 shows the electron precipitation data from a dayside pass with many associated rising elements. Many of these risers
close to Siple (within -2o at L - 4.3). The simultaneous 0 to appear to be part of a less steady higher-frequency band at
5 kHz VLF spectrum at Siple is illustrated in 2-s segments. 2.5 kHz.
showing two active frequency bands and numerous discrete While one-to-one correlations of narrow electron bursts
rising chorus elements. Also shown is an amplitude record with ground observed waves proved elusive, a close relation
representing integrated field strength in a 300-Hz band appears to have existed between a high rate of narrow bursts
centered at 1.5 kHz. A one-to-one correlation between on the satellite at L > 3 in daytime and the observation of
chorus peaks and electron bursts is not evident, but the precipitation-induced ionospheric perturbations overhead
durations in time of the VLF amplitude enhancements are Siple of the type reponed previously by Rosenberg et al.
comparable to those of the electron bursts. [19711. Helliwell et al. (19801, and Arnoldy et al. [19821. In
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Fig. 12. In the top sections are shown the frequency-time record and the integrated wave intensity as recorded at
Siple Station. In the bottom section the counting rates in the MElI (>45 keV) detector at 0W zenith angle and the TE2
(>45 keV I detector at 900 zenith angle are plotted as a function of time.

ground records of photometers. riometers. wave magnetom- it-el et at.. 19801. and a few case studies have shown a link
eters. and VLF receivers, this precipitation often appears in between the fine structure within multielement chorus bursts
the form of quasi-periodic pulsations lasting from one to and X ray microbursts [Rosenberg e, al.. 19811. as well as a
several seconds and separated by 5 to 30 s. On several connection between individual chorus elements and brief
occasions, such pulsations have been clearly linked to (<1 s) optical pulsations [Tsitruda et al.. 19811.
burstlike clusters of VLF chorus elements, some of which During 9 of the 61 dayside passes studied. the satellite was in
were triggered by whistlers (Rosenberg et at.. 1971'. Helhi- the southern hemisphere and crossed L =4 within -~8* or less

25 JULY 1982 (LOCAL DAY)

- SIPt.E. ANTARCTICA

X 25

10

TME) (00 ZENITH)) E >. 45 lt

UIT (s) 45305 45310 4531S 45320 45325 4S330 45335
UT (lvm:s) 12:35:05 12:35:10 12:35:15 12:35:20 12:35:25 12:35:30 12:35:35
LAT (dog) -77.88 -78.17 -78.45 -78.72 -79.00 -79.27 -79.54
LONG (dog E) 294.76 293.87 292.95 291.98 29.95 289.59 288.76
L 4.84 4.93 5.03 5.13 5.23 5.34 5.45

Fig. 13. In the upper section is shown the frequency-time record 2S recorded at Siple Station. In the bottom section
the counting rates in the ME 1 (>45 keV) detector at 0* zenith angle and the TE2 t >45 keVI detector at 9(r zenith angle
are plotted as ao function of time.
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6 AUGUST 1982 (LOCAL DAY)
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L 4.24 4.33 4.42 452 4.61 4.72 4.83

Fig. 14. in the upper section is shown the frequency-time record as recorded at Siple station. In the bottom section
the counting rates in the ME I (>45 keV) detector at 0° zenith angle and the TE2 (>43 keV) detector at 900 zenith angle
are plotted as a function of time.

of the Siple longitude (and thus passed within -220 km of the used to monitor the outputs of multiple sensors. The record

station). In 5 of these 9 cases. the number of short bursts is from July 24, 1982. and represents an interval within 10

detected between L = 3 and L - 5 was relatively small (1. 3, 5, min of the nearly overhead SEEP pass illustrated in Figure

5. 6), and in only one of these cases was overhead burst 12. The charts indicate that this type of activity had been

precipitation clearly indicated at Siple. However. in the re- underway for at least 30 min prior to the SEEP pass and that

maining four cases, there were 10 or more narrow electron it continued for at least 90 min afterward. Peak to peak

bursts recorded on the SEEP payload 110, 18. 24. 35). indicat- correlations exist between many of the changes on the VLF

ing a high temporal rate of activity. In all four of these cases, and optical records. although the VLF surges are broader.

overhead perturbations of several seconds duration were probably due to tontributions from magnetospheric wave

clearly detected at Siple. as indicated by correlated changes in paths outside the field of view of the vertical looking
the 2 to 4 kHz integrated amplitude and one or more of the photometer.
outputs of a riometer, photometer, and magnetometer. These
precipitation episodes, lasting ) to 3 hours. were detected DIscussioN

either during the SEEP pass or within less than one hour before Our study suggests that narrow (<1 s) burst activity is a

or after the pass. In all four cases, the activity had been global phenomenon. occurring at essentially all longitudes

recognized by the Siple Station observer, and at latitudes both within and beyond the plasmasphere.

Figure 15 shows portions of the Siple station analog chart At L = 2 to 3 there appears to be some clustering of the

SIPL.E. ANTARCTICA 24 JULY 1982
100 .,i , ! t " , l

3 60)

S 20

s 06 POTOMETER 5577 A

0?2

14:32 14:34 14:36
TOAE (UT)

Fig. I-. Portions of the Siple Station analog chart for July 24. 1985 2. showing VLF amplitude in the 2 to 4 kHz band
and the intensity of the 5577-A line excited by precipitating electrons.
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activity in local time. loneitude. and hemisphere. due to the natural wave activity in an L range spanning the plasma-
mixed effects of whistler source activity, day-night differ- pause.
ences in ionospheric absorption of VLF waves, magnetic Several-second-long precipitation bursts were observed
field topology, and instrument sensitivity. Our study further overhead Siple during (or within one hour of) all four of the
suggests that the bulk of the narrow bursts occurred as the nearby SEEP passes on which more than 10 bursts were
result of interaction with transient VLF waves. This conclu- observed. We suggest that the satellite was sampling the
sion is supported by the electron observations themselves, electron population associated with the ground-observed
which showed energy spectra and time and pitch angle activity. The narrow -0.3-s bursts observed on SEEP were
signatures that were generally consistent with previous possibly due to individual spontaneous or whistler-triggered
theoretical and experimental studies of particle scattering by chorus elements of particularly high amplitude, while the
VLF waves. The burst events at L = 2 to 3 were rare by wider, order of 10-second surges on the satellite may have
comparison to the L = 3 to S activity, both in terms of the been caused by the integrated effects of chorus elements
number of passes on which one or more events were closely spaced in time. While these surges may be related to
detected and the occurrence of multiple events on a given the ground observations of several-second-long bursts. the
pass. This feature is believed to be linked to the quasi- connection is not yet clear. Dayside cases were found in
continuous nature and wide spatial distribution of chorus which broader electron bursts, not qualifying as narrow
activity above L = 3. and to the concentration of this chorus events, were observed in the L = 2 to 3 range as the satellite
activity outside the plasmapause, where trapped particle passed close to the meridian of Siple (276°E) and Palmer
fluxes tend to be larger than those near the slot region. In (2960). In these cases, strong VLF chorus was detected at
comparison ducted whistlers tend to occur irregularly, at Siple (L - 4.3) and Palmer (L - 2.4), but one-to-one
highly variable average rates and are most common on paths correlations between the envelopes of the wave and electron
within the plasmasphere [Carpenter and Sulic, 19881. burst activity could not be established.

The absence of one-to-one correlations between electron It is of interest to review the similarities and differences
bursts and chorus elements and the presence of such corre- between the mid- and high-latitude bursts. Perhaps the most
lations with whistlers can be partially understood as follows, pronounced difference is that at midlatitudes the narrow
In the case of a whistler the lightning source usually excites bursts were often isolated, whereas at high latitudes they
multiple ducted paths and also illuminates magnetospheric frequently occurred in trains. The evidence suggests that the
regions in which energy propagates in the nonducted mode. midlatitude events occurred within the plasmasphere. with
Because of the spatially distributed and both ducted and some possible exceptions on the dayside. In contrast, the
nonducted nature of this propagation, whistler components more numerous high-latitude events occurred poleward of
received at a ground station will mark the occurrence of a the plasmapause. After the initial burst the midlatitude
whistler, without in fact being that specific part of the events often showed secondary pulses that can be attributed
whistler-mode energy involved in producing an observed to the bouncing of an electron bunch between hemispheres.
particle event. On the other hand. in the case of chorus. At mid-latitudes the narrow events occurred more often near
there may be no mutual coherence between chorus elements midnight than noon, apparently because of the combined
originating spontaneously at various high altitude locations effects of greater nighttime lightning activity and lower
distributed in L value and longitude. Thus, if on ground nighttime wave absorption in the ionosphere. At high lati-
records, a chorus element is to serve as a marker of a tudes the daytime activity was greater, apparently because
particular satellite-observed electron burst, the element of the dayside concentration of magnetospheric chorus ac-
must be a propagated component of the actual driving wave. tivity.
Meanwhile, however, it will tend to be mixed with wave Only the nighttime bursts at mid-latitudes frequently dis-
contributions from high altitude regions whose ionospheric played a pronounced increase in median energy with time.
projections are not being probed at that time by the satellite, consistent with electron scattering by a whistler train. Peaks
However. if chorus bursts are whistler-triggered over a in the energy spectra often occurred at night, but were
distributed region, a large measure of spatial coherence will seldom present in the daytime. Chorus is believed to be
be present and there should be increased probability of associated with the high-latitude events both at noon and
detecting correlations. This type of burst has been observed midnight. and with perhaps some of the midlatitude bursts
in several of the ground and balloon-based correlations near noon, whereas the nighttime events at mid latitudes are
reported to date [Rosenberg et al.. 1971; Helliwell et al., believed to be associated with whistlers.
19801.
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Cyclotron Resonance Precipitation of Energetic Electrons
From the Inner Magnetosphere

D. W. DATLOWE AND W. L. IMHOF

Lockheed Palo Alto Laborator3y. Palo Alto. California

Cyclotron resonance between trapped energetic electrons and VLF waves produces pitch angle
scattering which leads to electron precipitation in the inner magnetosphere. Previous experiments
have shown that in the drift loss cone at L values from 1.5 to 1.8 the energy spectrum of the electrons
above 50 keV is often dominated by a single narrow peak. The center energy of this peak varies with
L in a manner characteristic of cyclotron resonance between the electrons and monochromatic VLF
waves in the vicinity of the geomagnetic equator. The source of the waves is probably VLF
communication or navigation transmitters. We report here the results of a study of 680 occurrences of
these peaks detected by the low altitude polar orbiting satellite S81-1. The present data, from altitudes
between 170 and 270 km. show the resonance peaks only in two restricted longitude zones centered at
110°E and 300E: this result contrasts with the previous measurements at higher altitudes, which
detected peaks over a wide range of longitudes. The majority of nighttime events were near transmitter
locations where the cyclotron resonance condition was met by electrons with pitch angles near the
edge of the loss cone. Detailed study of the events occurring near I 10*E reveals a 27-day periodicity
in the frequency of occurrence; peaks are most often observed during minima in solar/geomagnetic
activity. The peaks observed at nighttime in both longitude zones have a possible seasonal variation.
being most frequent when it is wintertime at the site of the VLF transmitters responsible for the
precipitation.

INTRODUCTION but limited pitch angle resolution, while others have had fine

Peaks in the spectrum of energetic (- 100-keV) electrons pitch angle resolution but broad energy channels. The ex-periments are in agreement that pitch angle scattering byare often observed by low altitude sateteds in the inner ground-based transmitters is responsible for the occurrerce
magntosher. imtofci l. 1973 reortd tht te sec-of these peaks. However, the published results do not agree

trum of electrons observed in the inner magnetosphere may
be narrowly peaked, and that the energy of that peak on probable longitudes of the interactions which scatter the
increases rapidly with decreasing L value. The energy of the electrons or on the frequencies of waves causing the inter-
peak follows approximately the L dependence which is actions.
expected from first-order cyclotron resonance between the We report here on a survey of 680 occurrences of cyclo-
electrons and fixed frequency VLF waves [Brice, 1964]. tron resonance peaks observed by an electron spectrometer
Therefore these peaks are attributed to resonant interactions on the Stimulated Emission of Energetic Particles (SEEP)
between trapped electrons and ground-based transmitters as payload on the S81-1 satellite. The SEEP electron data were
a source of nearly monochromatic waves (lmhofet al., 1974; acquired from May to December 1982; because of uniform
Vampola and Kuck, 1978]. temporal and spatial coverage during that time we have been

Electron spectra with peak energies which follow the able to search for periodicities and long term k-7 month)
cyclotron resonance relation are most prominent in the range variations in the precipitation which may have occurred
from L = 1.6 to L - 1.9 (lmhofet al.. 1974, Figure 2]. The during the observing period. We report for the first time a
peaks are found in the region of quasi-trapped electrons. 27-day variation which is anticorrelated with solar activity,
particles which are locally trapped but will precipitate into attributable to changes in the coupling of the ground-based
the atmosphere as their drift motion carries them eastward, transmitters to the interaction region. We also have found a
The peaks have been observed over the longitude range from long term or seasonal variation in the frequency of occur-
60*E to 300*E (Vampola and Kuck, 1978, Figure 5; Imhofet rence of the peaks.
al., 19781. Within this longitude range, no apparent cluster- These observations differ from the previous experiments
ing of either the frequency of occurrence or the intensity of because the vehicle was at much lower altitude. Proximity to
these events has been reported. Peaks at higher L values (L the atmospheric scattering layer restricts the distance an
- 2.5) have been detected by these experiments, but we will electron may have drifted since scattering into the drift loss
confine the present discussion to peaks at L values below cone. With these data we are able to localize the cyclotron
2.0. resonance peaks which are recorded during satellite night-

Five different satellite programs have observed these time to two longitude zones. One zone of occurrence of
peaks, starting in 1968 on OVI-14 and OVI-19 [ Vampola and peaks is in the eastern hemisphere from 900E to 150E. The
Kuck. 1978], 1971-089A and P72-1 (Imhof et al.. 19741, on second region is primarily in the western hemisphere and
S3-3 [Vampola. 19871, and on P78-1 [Imhof et al.. 1981].
Some of these instruments have had high spectral resolution spans the longitude range from 100W to 2E. The cluster-ing of peaks at certain longitudes, and the occurrence of the

Copyright 1990 by the American Geophysical Union. most intense ones at the longitudes of known VLF transmit-

Paper number 89JA03325. ters. permits us to identify NWC at 1114E and NAA/NSS
0148-0227.t0189JA-03325S0.00 near 290E as significant contributors to the precipitation.
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counting rate versus time for the ME I and TE2 detectors. In the right.hand sections are shown the median energies
dunng 0.064-s intervals in the TE2 detector.
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S81-1 DATA COVERAGE AT L - 1.65 gap in the data coverage on day 217 (August 5) is evident in
340 4 the figure.

320 Special color video displays were created to permit effi-
cient scanning of the TE2 spectra during the many passes.

300 We have surveyed the entire set of data from the TE2
280 electron detector for cyclotron resonance peaks, at all Ion-

gitudes and for both day and night. However. only peaks in
260 the range ofL = 1.5 to L = 2.0 were recorded: peaks at otherIi

S240 • magnetic latitudes, if present, were not included in this
survey. In all, 680 occurrences of cyclotron resonance peaks

220 were identified both at satellite daytime and satellite night-

200.......'.". "time. In this paper we will consider only the 361 events
which occurred at satellite nighttime.

180

160 ENERGY SPECTRA

140 " ' I '  The cyclotron resonance condition [Brice, 1964] is given
-180 -100 -20 s0 140 by the equation

LONGITUDE
(a - k.- v = mfl I

Fig. I. SEEP data coverage. Each point in this plot represents
the time and geographic longitude of data coverage at L = 1.65. The In this formula, wi is the VLF wave angular frequency, k is
vertical coordinate is the day of 1982 (142-339). and the horizontal the VLF wave vector, v is the electron velocity vector, (I is
coordinate is the geographic longitude, the cyclotron angular frequency, and m is the order of the

resonance. Evaluation of the wave vector k introduces the
wave normal angle and the index of refraction for the
whistler mode. The index of refraction in turn depends on

INSTRUMENTATION the electron cyclotron angular frequency fl, the plasma
The S8 I-I satellite was in a polar orbit, ranging in altitude frequency w., and the transmitter frequency. We note that

from 170 to 290 kin. The orbit was Sun synchronous, at the L values of our observations the transmitter frequen-
covering local times 1030 and 2230; the vehicle passed over cies (-20 kHz) are much smaller than the equatorial cyclo-
any given place on the ground twice per day, once in daylight tron frequency (-200 kHz) or the equatorial plasma fre-
and once at nighttime. The spacecraft was three-axis stabi- quency (-500 kHz). For numerical calculations we have
lized. used the form of the equations in Koons et al. [1981]. Details

The payload contained an array of instrumentation, but all of the calculation of the resonant energy in the relativisti-
of the observations reported here came from a single elec- cally correct form will be found in the appendix.
tron spectrometer, referred to as TE2. The spectrometer was The SEEP TE2 detector directly measured the flux of
a solid state detector, covering the range 6-1000 keV in 256 electrons mirroring at the altitude of the satellite as a
pulse height channels. The detector system was cooled to function of energy. We calculate the equatorial pitch angle of
achieve high energy resolution, and spectral broadening by locally mirroring electrons from the ratio of local to equato-
detector noise was very small. The geometric factor was 0.17 rial magnetic fields at the point of observation. Typical
cm: sr. The field of view was always centered at 90r from the values for the equatorial pitch angles may be 20-30 depend-
zenith. looking horizontally, and therefore it measured the ing on satellite location, with a spread of the order of 1 due
flux of particles mirroring at the altitude of the satellite. We to the acceptance angle of the collimator.
can calculate the equatorial pitch angle of the observed The basic evidence that the electron scattering is due to
particles using the ratio of the local magnetic field to the the cyclotron resonance condition comes from the variation
equatorial magneuc field for the same field line. of the central energy of the peaks with L value [Imhofet al..

The data acquisition period was from May 24 to December 1974]. A sequence of electron spectra at different L values
5. 1982. During this time interval the SEEP particle detectors shows a variation in the energy of the peak. The variation is
returned data for 68% of the approximately 12.600 possible sufficiently characteristic, and the interaction sufficiently
crossings of L = 1.65. A high degree of coverage is required strong, that sequences of this type may be readily identified
to search for time variations without introducing any bias in surveys of electron data. Figure 2 is an example of a series
due to periodicities in the sampling. The uniformity of the of electron spectra which show the effect. The figure consists
sampling is demonstrated in Figure 1, which shows the data of eight individual electron spectra, in chronological order,
coverage as a function of longitude and time. Each dot on the from L - 1.95 to L = 1.69. Each spectrum shows a peak,
plot represents an observation in the data base searched for starting at -40 keV for the highest L value to - 180 keV for
events. It is evident from the plot that after June I (day 152) the lowest L value. The spectra acquired outside this L value
the longitude coverage was largely uniform, with somewhat range on the same pass did not show any evidence of peaks.
less coverage near 250W, 701E. and 150"E. The uniformity in To show the spectra over the fall range of L values, the
the temporal direction of the plot will be important later, as figure shows 8-s accumulations of data. Since the center
it is essential for detecting the 27-day and long-term varia- energy of the peak shifts on a time scale comparable to 8 s.
tions. The apparent patterns in the plot are due to the fact the width of the peaks is broadened by the accumulation.
that the orbital period divided almost evenly into three days; For example, in a I-s accumulation the peak at L = 1.72 has
the patterns are the slow drift from the remainder. A I-day a full width at half maximum (FWHM) of 16 keV at an
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the local magnetic field to the equatorial magnetic field. The

Sal-i/SEEP parallel energy at the equator is given by
" ELECTRON SPECTRUM E Cos! 9 2)

27 AUGUST 1982 "  o

102 L Figure 4 shows three additional examples of electron data
__ "with prominent cyclotron resonance peaks. In all four cases

10o 
" shown, the satellite was in the eastern hemisphere at longi-

tudes near 120*E. and at nighttime.
1 1.69 The calculated resonance condition is shown as a dashed

S , "line in Figures 3 and 4, where we have used a transmitter( I , ,1.:

id . 22.3-kHz frequency. This calculation assumes that the inter-
* -,. action region is near the geomagnetic equator and that the

1.72 VLF waves propagate along the magnetic field. The physical
1, "•quantities required to evaluate the wave vector are modelled

I * , i using the geomagnetic field model of Olsen and Pfitzer [1974]
Jf10' -I t and the plasma density model of Chiu et al. [19791. The

I . ; ",1.76 equatorial plasma density is subject to fluctuations, so it
; I must be understood that mean values are used in the

1 ' TI calculations. Since there was no simultaneous measurement
z 1 .79 of the VLF waves in the interaction region, transmitter0 10.1 1.79

frequency must be an assumption.
" " .... T The variation in the intensity of electrons with L value in

. 101 + the figure shows that the contours of electron flux agree with
the calculated resonance condition, confirming our assertion

D 0 1.8 that cyclotron resonance interactions are present. This van-• 1.83",....: ation does not however confirm our choice of wave normal
ice ,angle, transmitter frequency, or density model. In the ap-

pendix we show the sensitivity of the calculated resonance

id energy to the assumed values of these parameters. We
1.87 summariz.e the appendix by noting that all of the choices give

102 .~curves of comparable shape, but resonance energies dif-_ . ferent by a factor of 2 are entirely within the range of
possible parameters. The appendix also shows that only

IU first-order resonance (m - 1) gives values in agreement with
21.91 the data.

10 In the figures, variation with L value of the data points is
O f ;, more rapid than the calculated variation with L. Examina-

10' ttion of a large number of comparable plots indicated that this

L 1.95 is generally the case in the SEEP data. Likewise the data
lop tvalues shown in Imhof et al. [1974] often vary more rapidlyj j 1f !j than the curve which the authors calculated. Possible expla-

nations for the difference include wave normal angles which
0 50 100 150 200 250 depend on L value and density gradients which are smaller

ENERGY (keV) than in the model used; however, low altitude electron

measurements alone do not provide enough information toFig. 2. Electron spectra from August 27, 1982. This figure answer this question.
shows eight individual electron spectra. Each point represents the
flux in an individual channel 3.7 keV wide. and the counting From the agreement between the electron data and the
statistics are indicated by the vertical error bars. The L value, from calculated locus of the cyclotron resonance condition, we
1.69 to 1.95. is indicated at the right of each trace. can see that the 22.3-kHz frequency of NWC is a good

choice. Because so many model-dependent quantities are
included in the calculation, we cannot use this agreement toenergy of 130 keV, but the 8-s accumulation in the figure identify 22.3 kHz as the wave frequency. The primary

shows a 25-keV FWHM. The most intense peak flux was evidence we have for identifying the VLF transmitters which
about 225 electrons (el) (cm2 s keV sr) at an energy of a the origin of the cyclotron resonance peaks is geo-
about 100 keV (L - 1.78), about 100 times more intense than graphic: the locations where the peaks occur most frequently
the detector background at that time and location, and the locations where the most intense peaks have beenThe variation in energy with L value is most easily detected.
visualized with the aid of a contour plot. Figure 3 shows the

same data as contours of electron flux. The flux is a function
of L value and the equatorial parallel energy of the observed LOCATIONS OF THE EVENTS
electrons. As with all of the spectra, we assume that the Due to the offset of the axis of the geomagnetic field from
electrons are locally mirroring at the altitude of the satellite, the geographic center of the Earth, there is a set of drift
and we calculate the equatorial pitch angle 9 from the ratio of shells which intersect the top of the atmosphere in the region
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Fig. 3. Contour plot of the electron flux versus L value. The contours represent electron flux as a function of L
value and E4. The contours are spaced linearly in steps of 15 el (cm: s sr keV)- . with a minimum contour of 30 (cm2

s sr keV) -. The dashed line indicates the cyclotron resonance condition for f - 22.3 kHz.

of the South Atlantic Anomaly. An electron may be tempo- At magnetic L values less than 10, the S81-1 satellite spent
rarily trapped on these drift shells. However, on a time scale about 71% of the time observing the quasi-trapped electron
of hours, electrons drift eastward until the drift shell dips flux. The conjugate point to the satellite was below 100 km,
into the top of the atmosphere and the electrons are precip- and locally mirroring electrons were in the bounce loss cone,
itated. On L shells where this can occur, the range of pitch about 18% of the time. The remaining 11% of the time the
angles over which electrons are quasi-trapped by this pro- satellite was in the region of stably trapped particles, primar-
cess is called the drift loss cone, where the background ily in the South Atlantic Anomaly.
electron flux it quite low. Thus any process which produces Figure 5 shows a map of the locations of the 680 observed
even a small amount of pitch angle scattering of electrons events. To show each event in a uniform manner, all events
into the drift loss cone is clearly visible, are plotted at L - 1.65, although individual events span a

The existence of a drift loss cone is very important for range of L values, and some may not show detectable flux at
detecting cyclotron resonance effects. Pitch angle scattering L = 1.65. Furthermore, we have separated the events into
which leaves the electron in the stably trapped population spacecraft night and day, as the two groups of events have
may require precise pitch angle distribution measurements in significantly different longitude distributions. Physically, the
order to detect the effect. On the other hand, a transition night/day difference is expected on the basis of the greater
from the stably trapped population into the quasi-trapped attenuation of VLF waves in the ionosphere during the
population can be detected on the basis of intensity mea- daytime.
surements alone. The 680 SEEP cyclotron resonance events The cyclotron resonance events fall into two restricted
considered here were detected in the quasi-trapped electron regions on the map, in contrast to the more widespread
population, distributions reported by earlier satellites, which were at

At certain locations in the orbit of a low altitude satellite higher altitudes. The first zone runs from 90*E to 150'E, and
the point where electrons mirror in the opposite hemisphere peaks are observed only at night in this region. In this zone
(the conjugate point) is below the - 100-km atmospheric the mirror points for electrons are at approximately the same
scattering layer. For an electron to be detected over these height in both the north and south. Thus a particle scattered
geographic locations, it must have been scattered within the into the drift loss cone can be seen at either end of the field
last few bounce periods (order of seconds). In this region, line. In this zone. electrons minrroring at the altitude of the
called the bounce loss cone. the SEEP satellite has detected satellite have equatorial pitch angles in the range 21.2-23.40.
transient events, such as lightning-induced precipitation The second zone rms from 9(rW to the prim meridian.
[Voss et at.. 19841 and precipitation by on-off modulated Cyclotron resonance interactions occurring at almost any
VLF transmissions [lmhof et al.. 19831. longitude could scatter electrons into drift shells which
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400 permit them to reach the second zone. Events are seen both
during satellite day and satellite nighi in zone 2. although the

300 JUNE 24 52829 UT region is broader in extent at night than during the day. In
the western hemisphere zone, events are observed primarily

* 22.3 kHz in the south. In this region. the equatorial pitch angle of
.200 - electrons mirroring at the altitude of the satellite ranges from
-. 25° to 33°. Due to the larger equatorial pitch angle, the peaks

m150 in this western zone are more intense than their counterparts
z in the eastern hemisphere.

100 In Figure 5 we have also indicated the locations of major
4J 10

.a VLF communication transmitters. The locations of these

transmitters are taken from lnan et al. [ 1984]. For reference.
the location of Siple station, in Antarctica, is also indicated.F. The shaded regions on the map indicate the observing

50 locations for which the conjugate point to the satellite was
I .below 100 kn.

1.5 1.6 1.7 1.8 1.9 2.0 We can relate the locations of the observed peaks directly

L to the characteristics of the drift loss cone. Figure 6 com-
pares the equatorial pitch angles of the observed events to
the equatorial pitch angle of an electron mirroring at the
atmospheric scattering layer, here taken as 100 km. The lines

400 1 1 show the calculated equatorial pitch angle for L = 1.65 using

300 JULY 10 50020 UT the magnetic field model of Olsen and Pfitzer [1974]; the
continuous line is for electrons mirroring in the south, and

> 22.3 kHz the dashed line for electrons mirroring in the north. The lines
"1 200 are plotted only at longitudes where the calculated mirroring
>" altitude in the conjugate hemisphere is also above 100 km.
m 150" The plot shows that electrons at equatorial pitch angles
z 4greater than 3r are stably trapped. Electrons with equatorial

100 pitch angles between 210 and 240 will drift into the atmo-
.Jm 100 -sphere between 120E and 180E in the northern hemisphere;

•-electrons with equatorial pitch angles between 24* and 32°

will drift into the atmosphere between 260E and 335*E in the
a. southern hemisphere.

50,0Cyclotron resonance peak events are indicated in theSo figure by individual symbols. The close tracking of the
.1 . 1" .calculated curves and the peaks in the locally mirroing

1.5 1.6 1.7 1.8 1.9 electrons is a consequence of the low altitude of the satellite.
A satellite at the same longitudes but higher altitudes may

see events in the drift loss cone (at L = 1.65) as long as the
equatorial pitch angle of locally mirroring particles is less

400 1 1 1 1 than 32". The data for day and night events are shown
separately.

300 AUGUST10 53402 UT A number of features are evident from this plot. First, the
2. cluster of night events near 120E must be due to a source in

*22.3 kHz that vicinity. For example, electrons scattered into the drift
"200 - ," loss cone at 600E must have a pitch angle greater than 250.

150 Electrons drifting eastward from that point mirror at alti-
1SO0 tudes above the satellite until they reach the longitude of

.Z about 260E. Accordingly, the source of the events near
120E must be in the proximity of that region.

It is also evident from the figure that eastward of 140' the
conjugate point for electrons in the south is below 100 km;
accordingly the absence of points over eastern Australia (at
L - 1.65) is expected. The loss of electrons can be tracked

50 in the north to approximately 1601E.
If the electrons which make up the cyclotron resonance

1.5 1.6 1.7 1.8 1.9 2.0 peaks have been scattered from the stably trapped popula-

L tion, then to reach an equatorial pitch angle of -2? they
must have been scattered by at least 10" in pitch angle. We

Fig. 4. Additional examples of cyclotron resonance peaks with take tis as evidence for the hypothesis that the scatteng is
f - 22.3 kHz. (Top) June 24. 5229 s UT. I ISE. 27'S. (Center) July
10. 50020 s UT. 120E, 46"N. (Bottom) August 10. 53402 s UT. not a transient event, but a continuous process built up over
116E. 27*S. many scatterings.
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LOCATIONS OF NIGHTTIME PEAKS
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Fig. 5. Map of the locations of peaks recorded by SEEP. Each detection of cyclotron resonance peaks by SEEP
is indicated by an asterisk. Major transmitters are indicated by solid circles, based on the listing in nan et al. (19841.
The shaded areas indicate the two zones where the conjugate point to the satellite location is below 100 kin.

The cyclotron resonance peak events observed during it as no coincidence that the transmitter NWC is located
satellite daytime occur almost exclusively in the region close to the center of this bin. at I 14°E. The transmitter RPS
where the equatorial pitch angle of the locally mirroring at 135@E may also contribute to this distribution.
electrons is increasing with longitude. Note also that the The strongest evidence for NWC as the source of the
easternmost end point of the daytime events is almost waves which are precipitating the electrons comes from
exactly the longitude of minimum altitude for electrons plotting the intensity of the peaks against longitude. To make
drifting with constant pitch angle. These facts lead to the a quantitative measurement, the event must have been
suggestion that all of the cyclotron resonance interactions sufficiendy intense that a clear maximum could be identified
take place over transmitters in darkness, and that the day- in a contour plot similar to Figure 3. There were 149 events
time events consist of electrons which have drifted at least for which a suitable maximum contour could be identified; in
120 in longitude to the point of observation, the remaining 33 cases the flux was too small or the contours

were too irregular to find a maximum. Since the flux and the
PEAKS IN THE EASTERN HEMISPHERE energy of the peak change rapidly, on a scale comparable to

The prime focus of this study has been the events in the the size of the energy and L value bins used to produce the
eastern hemisphere. From the color images of the electron plot, errors of up to 25% may occur in an estimate of the flux
data. 182 events were identified, and the locations of the based on the maximum contour. The results are shown in
satellite at those times were noted. Figure 7 shows, on an Figure 8, which shows that the three most intense peaks
expanded scale, the distribution of the occurrence of these occur within a few delpees of the longitude of NWC. as do
peaks. The data coverage was uniform between WE and most of the strong ones. We take this clustering of events
160'E in the north, with -80 night passes in each 10' bin: in about the station as definitive evidence that NWC is the
the south the coverage was also -80 passes per bin between source of the waves which produce the bulk of the events on
100rE and IS0OE. but outside this range there were fewer this plot. A single strong event near 13"E may be a
(- 10) passes in each bin. The most prominent feature of this contribution from RPS. as may be the more easterly events.
distribution is the very sharp onset in the bin from 1106 to Nonetheless. we attribute the manority of the peaks to
120*E as one scans in the direction of electron drift. We take interactions with waves from NWC. The most intense event
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NIGHTTIME PEAKS
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occurred on July 18; Figure 9 is a contour plot of electron CYCLOTRON RESONANCE PEAK OCCURRENCE
flux versus parallel electron energy and L value of that
event.

PEAKS IN THE WESTERtN HEMISPHERE0.

The survey of cyclotron resonance peaks at nighttime also
found 179 occurrences in the vicinity of South America and 03
the South Atlantic. Seventy-seven percent (139/179) of the Ime
observed peaks occurred at longitudes from 306W to 800W, a '
range of 50'. This geographic region is important because it
includes the conjugate points to several strong VLF trans-
mitters in the United States. The routine detection of cyclo-
tron resonance peaks in this geographic area is a unique 0.10.1
feature of the low altitude of the S81-1 orbit. Al the higher.....
orbital altitudes of the vehicles mentioned in the introduc-
tion. intense fluxes of electrons in the South Atlantic Anom-0
aly obscure the peaks. and they ame rarely detected at those 390 go 100 110 130 130 140 110 110
altitudes. Stated alternatively, in this zone a satellite must be EAST LONGITUDE
at low altitudes to be in the region of quasi-trapped particles. Fig. 7. The distibution of occurrence of peaks versus loulp-

In the northern hemisphere at these same longitudes a tiade. The occurrence of peaks in the region around NWC is shown
satellite at the altitudes of S81- I observes electron fluXes in as a function of longitude. The data have been collected into bins 100
the bounce loss cone, as the conjugate point is below sea wide. ad the number of pea"s a each bin haa been divided by the

numWe of sateffite passes ttmeuo L - 1.65 in that longitudelevel. No nighttime cyclotron resonance events were ob- interva. In the bin frau. I IOE to lIrE. 60 peaks wer detected in
served in this zone. The absence of cyclotron resonance 163 passes. a ratio of 0.37.
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101 - peaks in the bounce loss cone indicates that they are a
persistent phenomenon built up over many bounce periods.

0 In addition to cyclotron resonance peaks, the electrc

0 spectra observed by SEEP at these longitudes contain peak.
>0 :Oof a different kind. These multiple peaks. with energies

CP which scale with L to maintain a constant drift period, were

first reported by Imhof and Smith [1965] and modelled by
0o O^ 0 Cladis [19661. The SEEP observations of these peaks are
004 (9 8 summarized in Datlowe et al. [1985]. The multiple peaks

0 0 00 0 0 0 represent a background against which the cyclotron reso-
C o 0 0 (9 nance precipitation must be observed. The superposition of

o8 b 0 0 ?(aO lbo the two modes for scattering electrons into the drift loss cone
00 can create complex plots. Plate 3 of Datlowe et al. [19851

d 0 00 shows two cases in which the combination of the two

0 0 o scattering mechanisms plays an important role in the display
0 of flux versus L value and energy.

0 Figure 10 shows three examples of cyclotron resonance

I 1~ ~peaks which were detected in this geographic region, using
1 11 1 1 I S 1 the contour format. The line which gives the locus of

EAT Lresonant energies for electrons is based on a transmitter

EAST LONGITUDE frequency of 17.8 kHz from the station at Cutler. Maine,

NAA. However, in the western hemisphere we found that no
Fig. 8. The intensity of peaks versus longitude in the region single transmitter frequency gives satisfactory agreement in

near NWC. Each point represents the flux at the peak as a function the majority of cases. By contrast, in the eastern hemisphere
of longitude. The vertical scale is logarithmic from a flux of I el (cm- the 22.3-kHz frequency of NWC gives good agreement to the
s sr keV)-I to 1000 el (cm- s sr keV) - 1. Contour plots of the same
type as in Figure 3 were searched for all events. Between fluxes of observed contours in many cases.
I and 10. the number of electrons within the highest contour is quite The locations of the cyclotron resonance events are the
small, and the flux determination is only approximate. basis for identifying the transmitters which are the sources of

400 / 1 1

JULY 18 50831 UT

300

> 200 ...

a 150

Z.,
LU

100 "

%%

0.0

1.5 1.6 1.7 1.8 1.9 2.0
L

Fig. 9. Electron flux versus parallel energy and L value for the most intense event found at eastern longitudes. The
peak was detected on July I, 1982. at 50S31 s UT. at a satellite location of 1161E. The contours am spaced lineady in
steps of 25 el (cm" s sr keY) -1. with a minimum contour of 25 cm s sr keV) -1. The dashed line indicates the cycloton
resonance condition forf - 22.3 kHz.
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400 the VLF waves. Contour plots such as Figure 10 were

19 OCTOBER 13067 UT searched for all of the events to identify a peak flux for the
300 electrons near L = 1.65. Because other phenomena contnb-

> ute to the electron flux in this region, a maximum contour
17.8 kHz could be clearly identified only in intense events. Figure 11

>: 200 -. shows the intensity as a function of longitude for 66 peaks in
the range 260"E to 340°E. All of the peaks with fluxes above

S150- 100 el (cm2 s sr keV) were found at longitudes between
LU 280*E and 330*E. The significant feature is the sharp increase
J "-in the number of events near the conjugate point of NAA.
J which indicates that radiation from this transmitter is a

significant source of precipitation.
The most intense peaks were detected at longitudes from

-310°E to -325°E. This region is where the satellite is
0 closest to the stably trapped particles and where the smallest

i0

50 - pitch angle scattering will produce an event. The high
1.5 1.6 1.7 1.8 1.9 intensity of these events is due more to the configuration of

L the geomagnetic field than to the locations of transmitters.
Between the longitudes of 20'W and 44*E. 28 cyclotron

resonance events were found in the SEEP nighttime data.

400 , Only a few of these events were sufficiently intense and well
9 NOVEMBER ' .AT separated from the background to allow quantitative esti-

300 mates of the flux in the peaks. The most intense peak flux300 was -65 cl (cm 2 s keV) - I in an event located at a longitude
of 12E. Due to a lack of quantitative information about the

>w200 17.8 kHzV events in this region, the source of the VLF waves cannot be
identified at this time.

Z 150
wa WHicH TRANSMITTERS?

-I The map of events observed by SEEP shows that theJ 100 -. nighttime events were clustered in longitude about a few of

4 the possible transmitters. Other transmitters with compara-
a. ble transmission frequency and radiated power showed few

if any events at L - 1.65. Using the list of communication
S transmitters of 250 kW or more radiated power in Inan et al.

50 [1984], this section will break down the number of events
1.6 1.7 1.8 1.9 which may be attributed to each.

L NAA and NSS

Since NAA and NSS are located at 67"W and 76*W,
400 .respectively, the separation of these transmitters in longi-

10 NOVEMBER 9766 UT tude is too small to resolve on maps of cyclotron resonance
300 events. Arnoldy and Kinmner [1989] reported rocket obser-

> 1 vations of electrons directly precipitated by these two trans-
17.8 kHz mitters near the site of NSS. Of the 179 precipitation events

S200 - observed by SEEP in the western hemisphere at night, about
3/4 were observed near the conjugate points of these trans-

Z 150 mitters. In addition, many observed peaks give good agree-
1.1 ment with the 17.8- or 22.4-kHz frequencies of these sta-10 tions. The SEEP data strongly suggest that these

100 .transmitters precipitate energetic electrons.

NLK

There are no nighttime precipitation peas in the SEEP
data at L - 1.65 which are near the longitudes of NLK

60 * (122"W) or its conjugate point. Evidently this transmitter
1.5 1.6 1.7 1.8 1.9 does not precipitate electrons in the regions explored by the

L present experiment.

Fig. 10. Examples of cyclotron resonance peaks in the western NPM
hemisphere region. (Top) October 19. 13067 s UT, 2WE. 510S. This station is located in Hawaii at 158W. There were no
(Center) November 9. 10905 s UT. 29E. 51S. (Bottom) November
10. 09766 s UT. 301"E. 50'S. The dashed ine indicates the cyclotron nighttime cyclotron resonance events observed by SEEP
resonance condition forf - 17.8 kHz (NAA). within 106 geographic longitude of this station.
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10' appear to be a puzzle why some transmitters are effective in
precipitating electrons and others are not. For example.

0 0 0 1 NWC in Australia and NPM in Hawaii are both in the inne
0 C magnetosphere and both transmit at about the same fre

~~ o00 quency, yet only NWC is a major source of events observed
DOO 0 from the orbit of S8I-1. However. the transmitters which are

o0 prominent in the SEEP data have one thing in common:
z0 o 0 these transmitters are near the locations where the observa-
0 0 0 4 w

" 0 0 tions were made at the edge of the bounce loss cone. Thisio2 L finding shows that the effect is most prominent where the

iA cyclotron resonance condition is met by pitch angles near
=x 0 the edge of the bounce loss cone.

0

SNAA-C CORRELATION WITH SOLAR ROTATION

260 280 300 320 U0 It is of interest to search for any temporal changes in the
EAST LONGITUDE cyclotron resonance peaks which might be synchronized

with the 27-day period of solar rotation. Variations in theFig. I I. The intensity of peaks versus longitude in the western solar output will influence cyclotron resonance in two ways:
hemisphere. Contour plots of the same type as in Figure 10 were
searched for all events. There were 66 events with clearly defined either by shifting the resonant electron energy for a given
peaks well separated from other electron flux components. Each transmitter frequency by altering the equatorial cold plasma.
point on this plot represents the peak flux as a function of longitude. or by increasing the attenuation of the VLF waves penetrat-
The vertical scale is logarithmic from a flux of 10 el (cm s sr keV)- ing the ttenuationtofa heLFsaves p at-
to 104 el (cn: s sr keV)-1. Due primarily to the larger equatorial ing the ionosphere. Equatorial plasma variations may be
pitch angle of the measured particles, this flux scale is a factor of 10 either density changes related to the diffusive equilibrium
higher than the scale used in Figure 8. scale height [Chiu et al., 1979] or composition changes

[Lennarrsson, 1989). These variations will modify the agree-
ment between the calculated resonance line and the actual

NWC and RPS L-dependent variation of the electron energy and will be a
relatively subtle effect. Marked changes in the attenuation

As indicated earlier, we attribute the bulk of the peaks in through the ionosphere will be reflected in the frequency c
the eastern hemisphere to the transmitter at NWC (i 140E). If occurrence of the resonance peaks, and this can be tested t
we attribute the peaks in the northern hemisphere between a more direct procedure.
130* and 150 to RPS (135*E). then RPS accounts for 20% of To search for an effect, we have selected seven solar
the peaks observed in this region. rotations of electron data from days 151-339 of 1982 and

UMS performed a superposed epoch analysis. As an indicator of
solar activity, we have used the 10.7-cm microwave index

In a series of papers. Vampola has asserted that UMS is a from Solar Geophysical Data. In this time interval a 27-day
major contributor to cyclotron resonance precipitation folding period gives the strongest modulation of the FI0.7
(Vampola and Kuck, 1978; Vampola. 1987; Vampola and index, so we have used this period (from a Sun synchronous
Adams. 19881. The results are based on data from the satellite, only whole day folding periods can be used). As an
OV 1- 19 and S3-3 satellites. They used a technique of map- indicator of the cyclotron peaks, we have plotted the fraction
ping electrons from the point of observation to the point of of satellite passes in which a peak was identified in the data.
the resonance interaction using very high resolution pitch Figure 12 shows the result. The number of peaks in the
angle data. We note that in all of the published cases (see eastern hemisphere used in this plot is 169. It will be seen on
Vampola and Kuck, 1978, Figure 51 the points of detection the plot that the frequency of peaks is significantly higher
range from 1201E. the vicinity of NWC, to 280.E. but the from day 10 to day 18 than on the remaining days of the
inferred transmitter location is 44°E, that of UMS. cycle. For comparison, the figure also shows the average of

The range of longitudes over which precipitation by UMS the solar 10.7-cm flux index over the same seven cycles.
can be detected by a low altitude satellite is limited. From Clearly, the observed peaks are most frequent at times of
Figure 6. an electron mirroring at an altitude of 100 km and minimum solar activity. The correlation is significant at the
at a longitude of 440E has an equatorial pitch angle of 28.4' 99% (3o) level.
for L = 1.65. Any electron scattered into the drift loss cone A similar search was carried out using the Dst and Kp
by waves from UMS must have a larger equatorial pitch geomagnetic indices. In the case of Dst there may be an
angle at L - 1.65. These electrons will drift eastward at anticorrelation with the fraction of passes in which peaks
altitudes higher than the SEEP satellite. SEEP can detect were observed: however, statistically the result is only
these electrons as daytime events near 297"E, where the significant at the 95% (2o level. A comparable search using
mirror altitude is again - 100 kin. the Kp index gave a null result.

There was only one isolated SEEP cyclotron resonance A search for 27-day variations in the peaks observed ov
event at L - 1.65 which we can attribute to UMS. located at the western hemisphere did not turn up any prominent
a longitude of 44"E. We conclude that UMS is not a correlation, either in the daytime or nighttime peaks. Evi-
significant contributor to the set of nighttime events detected dently the effect is unique to the observing conditions at
by SEEP at L - 1.65. Australian longitudes.

Looking at the map of transmitter locations it would What we have shown is that during the time of the SEEP
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observations there was a 27-day periodicity in the occur- LOCATIONS OF NIGHTTIME PEAKS
rence of cyclotron resonance peaks, and that this variation 340 A I A

was out of phase with the solar FI0.7 index. This epoch was A

A
a time of high solar microwave flux. so it is quite possible 318- AAA

that at times near solar minimum the cyclotron resonance A
peaks would not show any 27-day periodicity. 296

LONG TERM (SEASONAL) VARIATION 273 -FALL AA# A . A..

A long term variation in the frequency of occurrence of 251- AA -
peaks is evident in the data from the OVI-19 satellite .

reported by Vampola and Kuck [1978). Cyclotron resonance 29

precipitation was observed less often after about day 270 of AlA A Af A

1969. The OV 1-19 experiment identified cyclotron resonance 207 AA

precipitation using narrow temporal peaks in the countingA A

rates in broad energy channels. A seasonal variation in the 1A4 A

median energy of the observed peaks at L = 1.65 was SUMMER - ..
reported by Imhof et al. (1978] based on data taken in the 162 -"
period from November 1971 to August 1972. They found.at
the 2o- level, that the energy of the peaks at L = 1.65 was 140'
lower in the summer months. They did not report any long -18o -140 -100 -0 -20 20 o o0 140 I0
term variation in frequency of occurrence. As a shorthand LONGITUDE
we use the term seasonal variation, even though none of the Fig. 13. Distribution of the occurrences of peaks versus geo-
experiments has used a body of data which extended over a graphic longitude and day of 1982. in the format of Figure 1. Each
full year. triangle represents one event.

A long term variation in the occurrence of the cyclotron
resonance precipitation has been detected by the SEEP
electron spectrometer. Peaks in the eastern hemisphere 1. Only nighttime events are plotted, but north and south are

occur more frequently in the time interval from June to both included.

September; very few of the 182 peaks occur in October, Although the frequency of occurrence of peaks in a

November, or the start of December. We note also that in particular location varies with time, the occurrence of peaks

this region the dominant transmitter, NWC, is in the south. at all longitudes does not change markedly. If the transmit-

In the other region of peak occurrence, from 100*W to 201E, ters which are contributing to the precipitation process

the opposite seasonal variation is observed. We note that all change with time, then we could expect a change in the

of the high power VLF transmitters which are likely candi- energies of the peaks with time, corresponding to the reso-

dates are located in the northern hemisphere. nant energies of the different transmitters. This type of effect

Figure 13 displays the time trends in the format used by might have been the origin of the spectral variation reported

Vampola and Kuck [19781. Time (day of year) runs upward by Imhof et al. (1978].
in the plot, and longitude of the observation runs horizon- A time span of seven months is too short to determine if

tally. Each triangle represents one event, the uniformity of this variation repeats from one year to the next. When a data

the coverage was demonstrated in the same format in Figure base of several years of observations may become available.
we suggest that the question of seasonal variations will be
well worth investigating.

I I I I ! I I

CONCLUSIONS

0.5 250 We have surveyed over 680 occurrences of cyclotron

resonance peaks observed at low altitude by the S8 i-I SEEP

(a 0.4 099 200 M experiment in 1982. Based on the data from 361 nighttime
i events we reach the following conclusions:

•. 1. At altitudes from 190 to 270 km the occurrence of
0.3 00.00 sa peaks tends to cluster in regions near high power VLF

transmitters which may scatter electrons into the drift loss

u' 0.2 - 100 cone via the cyclotron resonance.
2. NWC in Australia and NAA/NSS in the United States

are at the centers of the two main clusters and are likely to
0.1 S be the source of waves scattering the electrons. The Russian

transmitters UMS and RPS play a less significant role at L =

00 3 * g 1 1 3 , 1.65. The two stations NLK and NPM are in regions where0 3 t 9 i 1 15Is 21 z 24 27

DAY OF NOTATION cyclotron resonance peaks were not observed or were rarely

Fig. 12. Superposed epoch analysis for the occurrence fre- observed. The relative importance of the particular stations

quency of peaks, shown as a solid line. For reference, the averages may be quite different for experiments on satellites searching
over the same seven solar cycles of the daily FI0.7 index are phown at other altitudes or at other L shells.
by solid circles. 3. The transmitters which have produced the majority of
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the events detected by this experiment are located near the same result. At L = 1.75 the baseline calculation (pitch angle
western edge of regions where the conjugate point to the 19.6*) gives a resonant energy of 95 keV- using the limit of
satellite is below 100 km. This result shows that the events the stably trapped electrons (28.8 ° ) the resonant energy is 2
are most prominent in places where pitch angles near the keV less. The difference between the two resonance liu
edge of the bounce loss cone meet the cyclotron resonance calculations is barely visible on the plots.
condition. The wave normal angle 0 is assumed to be zero in the

4. During days 151-339 of 1982 there was a clear 27-day baseline model. The angle may be as large as
modulation in the fraction of observations which showed
peaks. There was a significant anticorrelation with the solar 8c = cos -' (Wifl) (A2)
FI0.7 index. The variation was found in the peaks between where the expression for the index of refraction is singular.
108'E and 152 0E. but not in the western hemisphere events.

5. There was a long term variation in the frequency of At L = 1.75 the critical angle is 82o. Field-aligned propaga-
occurrence of the nighttime peaks, with peaks most frequent tion has been assumed in calculations of wave-parnicle
when the likely source transmitters were in wintertime. This interactions (lan et at., 19841, but wave normal angles as
result shows the importance of a data set covering several large as 63* have been derived in at least one ray tracing
years to establish conclusively the existence of a seasonal calculation (Koons et al., 1981]. A wave normal angle of
variation, approximately 70* gives the largest resonant energies; at

larger angles the singularity in the index of refraction de-
creases the calculated resonant energy. Figure AI shows the

APPENDIX variation in the resonance condition for eight wave normal
The calculation of the resonance condition shown in angles: 0*, 100, 20, 300, 40', 500, 60, and 700. The deviation

Figures 3. 4. 9 and 10 uses the following relation (similar to of the 300 line from the baseline is small. The separation of
equation (I)): the 500 line is about the same as the observed width of the

contours. The 700 wave normal angle has increased the
w - k. v = mO/y resonant energy at L = 1.75 from 95 keV to 170 keV. Thus

where o is the angular frequency of the source of waves, k is the choice of wave propagation along the magnetic field
the wave vector, v is the velocity of the electron, and the introduces an uncertainty of less than a factor of 2.
equatorial pitch angle of the electron is used to perform the If the wave propagation were confined to a single duct, we
dot product. fi is the electron gyrofrequency, and m is a would expect that cyclotron resonance interactions would
small integer representing the order of the resonance. We only be observed over a very limited range of L values. The
have retained the relativistic correction factor y for the left panel of Figure 10 (October 19) shows a sharp burst of
electron velocity and the gyrofrequency in the rest frame of electrons at L = 1.65, which might be expected from L
the electron. localized region of enhanced wave intensity. The satellite

Evaluation of the wave vector k requires several quanti- need not pass through the duct, as the scattered electrons
ties which are not measured by a low altitude particle will drift emstward from the duct to the point of observation.
detector system, and therefore a model must be used to But profiles similar to October 19 are not common in the
specify the values. These quantities are required to calculate SEEP data set. The extended range over which cyclotron
the index of refraction resonance precipitation is observed in most cases argues for

unducted propagation of the VLF waves.
P 1 We have used the transmission frequency of NWC, 22.3

= I + WM Cos 0 - W). (Al) kHz, in plotting the baseline resonance condition. Figure A2
shows the effect of several choices of frequency. The traces

where wp is the plasma frequency, il is the electron gyro- at 20 kHz and 25 kHz represent a 20% frequency change and
frequency, and 0 is the wave normal angle. In this appendix fall along the data contours. The frequencies of 27.5 and 17.1
we show the sensitivity of the calculated resonance condi- kHz are not ruled out by the data; 17.1 kHz is the listed
tion to variations in the model parameters. We take the frequency of RPS, which is at about the same longitude as
approach of using the parameters of Figure 3 as a baseline. NWC. Omega-H transmits at these same longitudes operat-
For each of the model parameters we show, on a separate ing at 10.2-13.6 kHz (Inan et al., 1984]. The corresponding
plot, the variation in the calculated resonance condition for resonant energies in the figure seem well separated from the
various possible values of the variable, data points, so that it is unlikely that Omega transmitters are

The electron gyrofrequency LI - eBImc is calculated from the source of the precipitation. At L - 1.75 the baseline
the equatorial magnetic field strength. We have used the resonant energy is 95 keV; a transmitter frequency of 17.1
model of Oisen and Pfitzer (1974]. In the inner magneto- kHz raises it to 133 keV, and a transmitter frequency of 27.5
sphere the gyrofrequency can be calculated with some kHz lowers it to 70 keV. This is a reasonable range for the
precision, and we take the uncertainty in this frequency to be uncertainty in the source transmitter frequency.
too small to be of interest here. The magnetic field model is The final quantity in the equations which is not measured
also used to calculate the equatorial pitch angle of the by this experiment is the equatorial cold plasma density.
electrons. We have used the equatorial pitch angle of the Various models for this density have been published. In
locally mirroring electrons (the "final" pitch angle), but we addition, there may be short term variations of a factor of 3
might also have used the smallest equatorial pitch angle of related to geomagnetic activity (Webb and Lanzeroti, 19771
the stably trapped population (the "initial" pitch angle) at and long term solar cycle variations (Chiu et al., 1979]. The
each L value. Since the equatorial parallel energy is the baseline model is the solar mauximum/nightume model from
quantity plotted in the figures, either choice gives nearly the Chiu et al. [1979). We show the calculated resonant energy
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versus L value for three other density models in Figure A3. precipitation of electrons by ground VLF transmitters. J. Geo-
For comparison, the solar minimumlnighttime model from phys. Res.. 94. 6825. 1989.
the same Chiu et al. paper gives resonant energies signifi- Brice. N.. Fundamentals of very low frequency emission generation

mechanisms. J. Geophys. Res.. 69. 4515. 1964.cantly above the data points. The models of Koons et al. Chiu. Y. T.. J. G. Luhmann. B. K. Ching. and D. J. Boucher. Jr..
1J981) and Angerami and Thomas [1964] have been used in An equilibrium model of the plasmaspheric composition and
conjunction with studies of cyclotron resonance peaks. The density. J.Geophys.Res., 84. 909. 1979.
calculated resonance energies from these models fall below Cladis. J. B.. Resonance acceleration of particles in the inner

ifunctions radiation belt, in Radiation Trapped in the Earth's Alaneticthe observed data points. The range of density fField. edited by B. M. McCormac. pp. 112-115. D. Reidel.
given in the models and the possibility of short term varia- Hingham. Mass.. 1966.
tions make the equatorial density the largest uncertainty in Datlowe, D. W.. W. L. lmhof. E. E. Gaines. and H. D. Voss.
the calculations of the resonant energy. Multiple peaks in the spectrum of inner belt electrons. J. Geo-

We have assumed first-order cyclotron resonance in the phys. Res.. 90, 8333. 1985.
Imhof. W. L., and R. V. Smith. Low altitude measurements of

calculation. Figure A4 shows the electron resonant energies trapped electrons, Phys. Rev. Lett., 14. 85, 1965.
for m = 0. 1. and 2 in equation (I). To keep the values within lmhof. W. L., E. E. Gaines.and J. B. Reagan. Dynamic variations in
the boundaries of the plot, the vertical scale has been intensity and energy spectra of electrons in the inner radiation
expanded to cover the range I keV to I MeV. It is clear from belt. J. Geophys. Res., 78, 4568. 1973.
the plot that the first order, m = 1 * is the observed value. Imhof. W. L.. E. E. Gaines. and J. B. Reagan. Evidence for the

resonance precipitation of energetic electrons from the slot region
Above L = 2.2 the values of the resonant energy calculated of the radiation belts. J. Geophvs. Res., 79. 3141. 1974.
with our assumed transmitter frequency, wave normal, and lmhof. W. L.. J. B. Reagan. and E. E. Gaines. The energy selective
plasma density, are very small. At L = 2.4 the calculated precipitation of inner zone electrons, J. Geophys. Res.. 83. 4245.
resonant energy is equal to the 6-keV threshold of the SEEP 1978.Imhof. W. L.. E. E. Gaines, and J. B. Reagan. Observations of
TE2 spectrometer, and therefore it is not possible to identify multiple, narrow energy peaks in electrons precipitating from the
first-order "peaks" above that L value with the TE2 instru- inner radiation belt and their implications for wave-particle inter-
ment. actions, J. Geophys. Res., 86. 1591, 1981.

To summarize, the ranges of possible parameters lead to Imhof. W. L.. J. B. Reagan. H. D. Voss. E. E. Gaines, D. W.
Datlowe. J. Mobilia. R. A. Helliwell. U. S. [nan. J. Katsufrakis.the following ranges of possible values for the resonant and R. G. Joiner. Direct observation of radiation belt electrons

energies at L = 1.75: (1) Varying the wave normal angle from precipitated by the controlled injection of VLF signals from a
field aligned to 70* increases the resonant energy from 95 to ground-based transmitter. Geophys. Res. Left., 10. 361. 1983.
170 keV. (2) Lowering the transmitter frequency from 22.3 hnan. U. S., H. C. Chang, and R. A. Helliwell. Electron precipita-
kHz to 17.1 kHz raises the resonant energy from 95 keV to tion zones around major ound-based VLF signal sources. J.

Geophys. Res.. 89. 2891. 1984.
133 keV. Raising the transmitter frequency to 27.5 kHz Koons, H. C.. B. C. Edgar, and A. L. Vampola, Precipitation of
lowers the resonant energy to 70 keV. (3) Different density inner zone electrons by whistler mode waves from the VLF
models vary by a factor of 2 in the calculated resonant transmitters UMS and NWC, J. Geophys. Res.. 86, 640. 1981.
energy. (4) The order of the resonance is m = I in the Lennartsson, W.. Energetic (0.1- to 16-keV/e) magnetospheric ion

composition at different levels of solar Fi0.7, J. Geophys. Res.,observed cases. 94. 3600. 1989.Other possible factors, such as off-equatorial contribu- Olsen. W. P.. and K. A. Pfitzer, A quantitative model for the
tions and transmitter bandwidth, are beyond the scope of the magnetospheric magnetic field. J. Geophys. Res.. 79. 3739, 1974.
present investigation. Vampola, A. L., Electron precipitation in the vicinity of a VLF

transmitter, J. Geophys. Res., 92, 4525. 1987.
Vampola. A. L.. and C. D. Adams. Outer zone electron precipita-
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Seasonal Variations of Energetic Electron Precipitation by
Cyclotron Resonance with VLF Waves from a Ground-based

Transmitter

Dayton W. Datlowe and William L. Imhof
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3251 Hanover Street
Palo Alto, California

Abstract
We report here for the first time the detection of a seasonal vari-
ation in the occurrence of peaks in the spectra of energetic - 100
keV electrons precipitating from the inner radiation belt. Narrow
spectral peaks have been previously reported; because the peak
energy varies in a characteristic way with magnetic L value and
because the nighttime peaks occur near certain powerful ground
based VLF transmitters, they have been been interpreted as the
result of cyclotron resonance between the waves and the
electrons. The spectra reported here were observed from the low
altitude polar orbiting satellite P78-1 at midnight local time. The
data, acquired over the 5 year period from March 1979 to July
1984, are the first multi-year data set used to study cyclotron
resonance peaks. The geographical distribution of the events is
strongly clustered around the 22.3 kHz VLF transmitter NWC in
Australia. At a magnetic L-value of 1.65 the peak in the energy of
the electron spectrum is typically close to the expected 170 keV,
but the energy of the peaks changes with L-value more rapidly
than expected. Binning the data into seasons, we find that the
events occur 2.5 times more often during the six months from day
80 to 263 than during the remainder of the year, and that the
seasonal difference is statistically significant at a high level.
Since the observed change is in the frequency of occurrence of
the peaks and not in the mean energy of the peaks, we attribute
the effect to a seasonal change in ionospheric transmission of
VLF waves rather than a seasonal change in the equatorial cold
plasma density.

Paper subaitted to Radio Science



Seasonal Variations of Energetic Electron Precipitation by
Cyclotron Resonance with VLF Waves from a Ground-based

Transmitter

Dayton W. Datlowe and William L. Imhof

Introduction

Precipitation of energetic electrons from the inner radiation belt in narrowly peaked

spectra has been observed by a number of satellites. In a series of spectra recorded by

a single satellite the energy of the peaks varies with L-value in a characteristic way,

according to the condition for cyclotron resonance [Brice, 1964] with waves at a

single VLF frequency. Since the cyclotron resonance condition is met, and because

the peaks observed at satellite night time cluster around particular VLF transmitters

[Datlowe and Imhof, 1990], the peaks are interpreted as the result of cyclotron

resonance with VLF waves from ground based transmitters [Inan et al., 1984].

Six different satellite experiments have reported data on cyclotron resonance

precipitation of electrons. The first reports of the phenomenon were based on

observations from P71-2 and P72-1[Imhof, Gaines, and Reagan, 1973, 1974]. Later

Vampola and Kuck [1978] reported observations from the OVI-14 and OVI-19

satellites. Further results came from S3-3 [Vampola, 1987] and P78-1 [Imhof et al.,

19811. These papers are in general agreement that pitch angle scattering by waves

from ground based transmitters is the most likely origin of the peaks, but reached

differing conclusions as to the relative importance of various known stations. A large



number of cyclotron resonance events were observed by the S81-1 satellite in 1982

[Datlowe and Imhof, 1990]. This survey was restricted to events at L=1.65, in the

inner magnetosphere. A map of the locations of the events strongly favors the

conclusion that one particular station, NWC (22.3 kHz) in Australia, is the major

contributor to the precipitation in this L-value range. The low altitude (< 270 km)

satellite S81-1 also frequently observed precipitation in the vicinity of NAA (17.8

kHz) and NSS (21.4 kHz) in the eastern United States, transmitters which are not

prominent in the data from higher altitude satellites.

A seasonal variation in the median energy of the observed peaks was found by Imhof

et al. [1978] in the period from November 1971 to August 1972; the energies of the

peaks were reported to be lower in the summer months. The data from OV1-19

reported by Vampola and Kuck [1978] showed a sharp decrease in the number of

observations in which cyclotron resonance effects were observed after day 270 of

1969. Plotting the S81-1 data in the same format, Datlowe and Imhof [1990] showed

that the peaks in the eastern hemisphere (over NWC) were found mainly from May to

September, while peaks from stations in the western hemisphere were observed

primarily after September. They used the term"Seasonal Variation", although the data

covered only seven months. To detect changes on these time scales without any

ambiguity requires a uniform set of electron observations by the same detector system

over a time span of years. Unfortunately, none of the previous investigations of

cyclotron resonance precipitation covered as much as one year.

In this report we use for the first time a multi-year data set to search for a seasonal



variation in cyclotron resonance precipitation. The electrons were detected by the

EEM-002 electron spectrometer on the P78-1 satellite. Although there are time gaps

in the data available for this study, the period of observation spanned five years from

March 1979 to July 1984.

Instrumentation

The P78-1 satellite was in a polar orbit with a nominal 600 km altitude. The orbit

was sun synchronous in the noon-midnight plane, so that passes over a low latitude

transmitter always occurred at noon or midnight local time. The spacecraft consisted

of two parts, a large solar panel oriented toward the sun, and a wheel rotating every

5.5 seconds. The spin axis was oriented parallel to the plane of the equator, so that

the scan was always in the north-south direction. The EEM- 002 detector was

mounted on the spinning section of the spacecraft with its center axis perpendicular to

spin axis. In this orientation a complete pitch angle distribution was obtained on each

spin uf die satellite.

The EEM - 002 electron spectrometer was a silicon solid state detector covering the

energy range 68 to 1120 keV in 256 pulse height channels. The energy resolution was

-20 keV full width at half maximum. The opening half-angle of the detector was 15

degrees, and the geometric factor was 0.69 cm 2 sr. The combination of a 3.2 mg/

cm 2 aluminum and Kapton entrance window and pulse height information gave

excellent rejection of any local proton or heavy ion fluxes below an energy of 1 MeV.

This system operated successfully from the day of launch, 24 February 1979, until the

last day of the mission, on 13 September 1985, without significant degradation in

t_



gain. resolution or efficiency.

Cyclotron Resonance Precipitation

The first order cyclotron resonance condition [Brice, 19641 is given by the equation

co -k = 2/(1)

where ( is the VLF wave angular frequency, k is the VLF wave vector in the

interaction region, V is the electron velocity vector, Q is the electron cyclotron

angular frequency, and 7 is the relativistic factor. Evaluation of the wave vector k

introduces the wave normal angle and the index of refraction. We calculate the index

of refraction from the transmitter frequency, the cyclotron frequency, and the

equatorial plasma density using the formulation of Koons et al. [1981]. The equatorial

magnetic field is calculated from the model of Olsen and Pfizer [1974) and the

equatorial plasma density is calculated from the model of Chiu et al. [1979].

Calculation of the wave normal angle requires my-tracing techniques which are

beyond the scope of the present investigation, and in our calculations we have

assumed propagation parallel to the magnetic field lines. The errors introduced by

the various assumptions are discussed in detail in the appendix of Datlowe and Imhof

[ 1990]. With these assumptions the calculation of the resonant velocity is the

solution to a quadratic equation. However, for propagation nearly parallel to the

magnetic field line an approximate solution for E. in terms of the equatorial

plasma density no, the transmitter angular frequency w, and the wave normal angle 0

is as follows:

E. - (no co cos2 Y (2)



The transmitter frequency is constant in time. Variations in the cold plasma density

profile will make changes in the wave normal angle 0 at the equator, but for small

angles the changes in the resonant energy are small since the cosine is close to 1.0.

Therefore the dominant factor responsible for changes in the observed resonant

energy at a fixed location is the cold plasma density.

The Spacecraft Data

Precipitation of electrons according to the cyclotron resonance condition is readily

recognized in the spectra of -100 keV trapped electrons. To search for occurrence of

cyclotron resonance peaks efficiently, color displays of the EEM - 002 electron

spectra and pitch angle distributions were generated to survey the data to identify

times of interest. Although the fluxes may be very weak, the characteristic variation

in peak energy with L-value is readily visible on these images. The energy versus

L-value variation of these features is the characteristic signature of the cyclotron

resonance precipitation phenomenon in the P78-1 surveys. Where peaks were

detected, spectra were plotted for each spin of the satellite; six such spectra from a

satellite pass on 22 July 1982 are displayed in Figure 1.

To observe energy spectra, the incoming electron flux must be accumulated over a

range of pitch angles, and therefore a small range of resonant energies. We have used

pitch angles from 65 to 115 degrees, corresponding to locally mirroring (trapped)

electrons. The analysis of this event involves scanning the spectra to record the energy

of the peak in the electron spectrum as a function of the geomagnetic L value. The

results of the scans are displayed in Figure 2. Each symbol represents the parallel



energy of the resonantly scattered electrons, which is calculated from the observed

electron spectral peak energy times the square of the cosine of the pitch angle at the

geomagnetic equator. We use the parallel energy as it is directly comparable to the

results of the model, which is indicated as a dashed line in the Figure. Note that in

the actual data the resonant energy varies with L-value more rapidly than predicted by

the model. The same model was used by Datlowe and Imhof [19901 for the

comparison of spectral information from the S81-1 satellite; in that data the resonant

energy also changed with L-value more rapidly than the model predicted.

Unfortunately, for programmatic reasons data coverage is not uniformly available

over the five years. After the first year of operations nighttime observations became

much less frequent due to limited battery power. Also, after the first year the data

were processed only at times which supported coordinated observing campaigns.

We have made a systematic survey of all available data when the satellite was at

L=1.65. Figure 3 is a map of the geographic latitude and longitude of 163 well

observed events. Each event is marked at the latitude and longitude closest to

L= 1.65 in the series of spectra.

Previous observations with the 581-1 SEEP satellite showed that precipitation events

of this type were commonly found in the vicinity of the VLF transmitter in Australia,

NWC. The station is a communication transmitter located at 21049'S and 114"10' E,

radiating 1000 kW at a frequency of 22.3 kHz Inan et at. 19841. Continuous

uninterrupted operation of the transmitter is assumed throughout our analysis.



Figure 4 shows the distribution in longitude of the events in the P78-1 data. All of the

events are in the longitude range 68 to 208 degrees east, which is therefore the range

of longitudes of passes counted as "Observations", and the majority of the events are

in the range from 110 to 160 degrees east. The frequency of occurrence of events

increases rapidly near the 114 degrees longitude of the NWC transmitter. The drift of

energetic electrons due to the curvature and radial gradient of the geomagnetic field is

eastward, so that many more events are found east of the transmitter than west of the

transmitter. The absence of nighttime events eastward of 210 degrees is also

significant: since the satellite always crosses the equator near local midnight, when

P78-1 is at a longitude of 204 degrees it is approximately dawn at the site of the

transmitter. This finding is consistent with the conclusion that the resonant scattering

of trapped electrons takes place only when the VLF transmitter is in darkness.

An event is considered well observed if spectral plots showed well defined peaks and

we could identify the energy of the cyclotron resonance peak at several L-values. In

addition we required that the peak energy vary in a consistent way with L value; thus

events with poorly measured peak energies were rejected. The breakdown by years is

given in Table 1. For the purpose of counting the number of observations all available

nighttime passes through this longitude range in both the north and south are included.

Each observing day included several passes through the region of interest, so that the

count of days with one or more observations is 261.



Table 1

Year Obs Days Peaks Per Cent

1979 526 188 1il 21

1980 0 0 0 --

1981 0 0 0 --

1982 35 23 12 34

1983 46 33 22 48

1984 35 17 18 51

Total 643 261 163 25

To gather the statistics of a large number of events, we can parametrize the variation

of peak energy with L value by an exponential:

E,es(L) = E1.65 exp [(1.65-L)/L] (3)

Since the range of L values with detectable peaks is small, linear correlations and

power law functions also provided satisfactory fits; the goodness of fit criteria do not

provide a basis for preferring power laws or exponentials. We choose the exponential

form because the fitting parameter L0 is readily interpreted as a scale height, the range

of L values over which the resonant energy changes by a factor of e = 2.7. In the

approximation that the cold plamsa density variation dominates the energy change,

then the product of Lo and the radius of the earth gives an estimate for the plasma

scale height near L = 1.65.



For example, in the event shown in Figure 2 the fitted parameters are L0 = 0.294 and

the intercept at L = 1.65 is 177 keV. In comparison, if the same fitting is applied to

the model (dashed line) in Figure 2, the parameters are E1.65 = 175 keV and Lo =

0.356 although the exact values depend on longitude. This fitting procedure provides

the selection criterion for a "well observed" event: if the data points represent a

correlation between energy and L-value which is significant at less than 5;, the event

was rejected. This quality of fit criterion removes the weak or noisy events, for which

the peak energies could not be well determined.

The results of the parameter fitting are shown in Figure 5, which is a scatter diagram

of the resonant energy E1. 65 against the slope parameter Lo for the 163 events. The

120 black dots represent events for which the range of L values with peaks included

L = 1.65, and the hollow symbols represent the events for which the best fit was

extrapolated to L = 1.65. The "cross hairs" represent the model line shown in Figure

2. It is evident from the plot that the calculated resonant energy is close to the median

of the points, but that the observed slope parameter L is smaller than the predicted

0.36 in most cases. This scatterplot does not show a statistically significant

correlation between the parameters E1 .65 and L0. The mean value for E1.65 is 170

keV and the mean slope parameter L0 is 0.28. There are also about 10 events with a

slope parameter greater than 0.5, which is large enough to question the inclusion of

these events in a list of cyclotron resonance peaks. We will discuss these events

elsewhere. The frequency of occurrence of different values of E1.65 and .4 are

show in Figure 6a and Figure 6b respectively.



Seasonal Variation in the Frequency of Occurrence

It has been suspected from previous experiments, S81-1 and OVI-19, that there may

be a seasonal variation in frequency of occurrence of peaks. Since the present data are

the first which explore a time period of more than one year, we can show for the first

time that the annual variation is a statistically significant effect. Table 2 summarizes

the data from 643 observations at L = 1.65. For consistency we have counted only

the 163 "well observed" events; Figure 7 shows the results in histogram form.

Table 2

Season Days Passes Events PerCent <Long.> E1 65

deg keV

Winter 1-80,>355 78 9 12 144 157

Spring 80-171 320 102 32 145 169

Summer 172-263 118 37 31 132 177

Fall 264-355 127 15 12 110 159

Total 643 163 25

We use the day numbers which correspond to the familiar northern hemisphere

seasons, although in fact the station NWC is located in the southern hemisphere.

It is clear from the "PerCent" column that in the spring and summer, days 80 to 263,

the events are found 2.5 times more often than in the fall-winter time frame. With an

overall occurrence rate of 25%, we expect that the fall-winter period will produce 52

events in 205 observations, and the observed number is 24. In a binomial distribution

with p = 0.25, the probability of 24 or fewer events in 205 trials is 2x10 4 . We

conclude that the "seasonal variation" in the peaks observed near NWC is a

statistically significant effect.



One potential bias in this analysis is a seasonal variation in the energy of the peaks as

measured by E1. 65 . For this reason the last column of the table gives the mean value

of E 1.65 for each group. The Standard Deviation for this parameter is approximately

25 keV, which is comparable to the differences in the mean values. The point is that

this difference in E1.6s is too small to introduce observational biases due to different

backgrounds or to reduced detector sensitivity at energies close to the detector

threshold of 68 keV. Furthermore, from equation (2) we can infer that no seasonal

variation in the equatorial plasma density no has been detected.

Another potential bias is related to variations in the patterns of data coverage for the

different observing times. Specifically, "Fall" data coverage occurred significantly

westward of the other observing times. This is evident from the "<Longitude>"

column of Table 2, which gives the mean longitude of the data coverage during each

time interval. In the fall time period, data coverage was concentrated west of NWC,

a region with fewer resonance peak events. We can remove this bias by narrowing

the longitude range to 110 to 160 degrees; with this restricted range the number of

passes is about the same for all longitudes. There were 215 observations at L = 1.65

and there were 112 well observed cyclotron resonance precipitation events detected.

Table 3 shows the breakdown. Once again the percentage of events in the Fall/Winter

time frame (24%) is significantly lower than in the Spring/Summer time frame

(60%).



Table 3

Season Passes Events PerCent <Long.> E 1 65

deg keV

Winter 30 6 20 133 154

Spring 124 74 60 134 169

Summer 42 26 62 135 176

Fall 19 6 32 127 168

Dividing the data into the 1979 epoch (67 events/138 passes) and into the 1982 to

1984 time frame (45 eventsf77 passes) produces the same results. Clearly the events

in the vicinity of NWC are detected twice as often during the northern hemisphere

spring and summer months.

An additional concern is that the apparent seasonal cycle may be accidental because

solar or geomagnetic phenomena by coincidence may have had the same time scale

during our observing period . We have sorted two published geomagnetic indices and

two Solar activity indices into the four seasonal time bins. The geomagnetic indices

are the Dst and Kp indices, and the Solar indices are the 10.7 cm microwave flux and

the Sunspot number. Table 4 lists the mean and standard deviation for the days in each

season. The result is that the differences in the average values of these indices across

the four time bins is less than or comparable to the standard deviation of the indices.



Table 4

Season Days <Dst> Sigma <Kp> Sigma<FlO.7> Sigma <Spots> Siama

Winter 28 -30.5 23.2 25.8 13.6 166.7 24.0 125.1 32.3

Spring 112 -23.0 25.9 30.8 14.5 167.9 30.4 118.3 38.2

Summer 61 -14.2 30.1 29.0 14.1 172.7 41.3 138.0 53.7

Fall 60 -15.4 20.0 21.8 13.6 209.9 47.3 169.0 58.2

The only marginal correlation is increased solar activity during the "Fall" period, but

the "Winter" period also has a lower frequency of occurrence and the same solar

activity indices as "Spring" and "Summer". Since the four indices do not correlate

either with our time bins, or with the E1.65 and Lo parameters of the events

individually, we conclude that the forces which drive these indices are not

accidentally correlated with the seasons over the time period of the P78-1 observations.

Discussion

The most clear cut seasonal effect in the P78-1 electron data is the frequency of

occurrence variation. Of the possible origins, an associated variation of the

penetration of VLF waves through the ionosphere would be the most direct way in

which the effect might occur. Seasonal changes in the cold plasma density might also

be a factor. However, to the extent that E1.65 is an indicator of the equatorial plasma

density at L = 1.65, then the seasonal variation in this data set (Table 2) is very small

and less than the standard deviation of the measurements. Accordingly we favor

ionospheric attenuation as the origin of the seasonal effect. Since NWC is a station in

the southern hemisphere, the attenuation is greatest during the local spring and



summer months.

We also note that the fraction of observations in which a cyclotron resonance peak

was detected increased from 21 % in 1979 to 50% in 1983 and 1984. This same time

period coincides with a significant drop in Solar activity. For example, the yearly

mean value of the Solar 10.7 cm microwave index dropped from 192 in 1979 to 101

in 1984. This change suggests that there may be a solar cycle dependence.

Conclusions

1. Cyclotron resonance electron precipitation has been observed by the P78-1

EEM-002 electron spectrometer. The events are identified by spectral peaks which

vary in energy according to the cyclotron resonance condition.

2. The 163 well observed nighttime events cluster around the 22.3 kHz VLF station

NWC, indicating it is the source of the waves which interact with the energetic

electrons. Earlier work with the S81-1 instrument [Datlowe and Imhof, 19901 also

found clustering of events around NWC.

3. In the 163 events the mean value of the resonant energy at L=1.65 was observed to

be very close to the value of 170 keV predicted by the model. However the resonant

energy E1.65 changes with L value more rapdily than predicted; the mean value of

the slope parameter W0 is 0.28 as compared to a predicted value of 0.36.

4. We conclude that the seasonal variation in the frequency of occurrence of the

cyclotron resonance peaks, which was suggested by the earlier satellite data from

58 1-1 and OVI-19, is statistically significant in the 5 years of available P78-1

electron data.



5. Since the energies of the peaks were constant to within statistical errors, we infer

from equation (2) that no equatorial plasma density change was detected. Accordingly

we conclude that ionospheric transmission changes are the origin of the seasonal

frequency of occurrence variations.
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CAPTIONS

Figure 1
Electron spectra from the EEM-002 instrument. Each individual spectrum is accumulated when the
angle between the centerlineof the detector and the local magnetic field is between 65 and 115
degrees. The magnetic L-value is indicated at the right of each spectrum. To save space, only data
from every second spin of the satellite is plotted.

Figure 2

Resonant energy is plotted versus L-value. The squares connected by solid lines represent the data
points from Figure 1 and the dashed line gives the model calculation. To calculate the parallel
energy, the energy of the peak from the previous Figure has been multiplied by the square of the
cosine of the pitch angle of locally mirroring electrons.

Figure 3

Worldwide distribution of the events. The symbol * gives the latitude and longitude of the one
peaked spectrum in each set which was closest to L=1.65. Major VLF transmitters (Inan et al.
1984, Table 1) are designated by 0.

Figure 4

The fraction of satellite passes in which a peak was observed as a function of longitude.

Figure 5

Scatter plot of the fitting parameters. Each event is plotted according to it parallel energy at L=1.65
and the slope parameter Lo from equation (3). The filled circles @ represent events with spectra at
L=1.65, and the open squares U represent events in which the fitting parameter E1.65 is extrapolated
from the correlation fit.

Figure 6
A) Frequency of occurrence of the fitting parameter E. for 163 events
B) Frequency of occurrence of the fitting parameter L0 for 163 events

Figure 7
The fraction of the P78-1 satellite observations which detected a cyclotron resonance peaks as a
function of northern hemisphere season.
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RELATIVISTIC ELECTRON ENHANCEMENTS; SIMULTANEOUS
MEASUREMENTS FROM SYNCHRONOUS AND LOW ALTITUDE SATELLITES

W. L. Imhof. H. D. Voss. J. Mobilia. D. W. Datlowe. J. P. McGlennon

Lockheed Palo Alto Research Laboratory. Palo Alto. California

and D. N. Baker

Goddard Space Flight Center. Greenbelt. Maryland

Abstract. We present here for the first time simultaneous data from the synchronous altitude 1982-019 satellite. The
measurements of trapped relativistic electron enhancements at instrumentation for the S8 1-1 payload is described in Voss et
synchronous altitude and precipitating electrons in the bounce al. (1982) and in Imhof et al. (1991) and the instrumentation
loss cone at low altitudes. The measurements show that the for the 1982-019 payload is described in Baker et al. (1986).
daily variations in the precipitation flux for L>5 correlated well The Stimulated Emission of Energetic Particles (SEEP)
with the daily variations in the total flux at high altitude, both experiment on the S81-1 spacecraft contained an array of
with respect to sudden enhancements as well as flux cooled silicon solid state detectors to measure electrons and
depletions. The daily averaged precipitating flux (E > I MeV) ions. The data were acquired over the period from May 28.
at L = 6.1 to 7.1 was about 0.3 percent of the daily averaged 1982 until December 5, 1982. The S8 1-1 three-axis stabilized
directional flux (E > 1.5 MeV) observed at synchronous satellite was in a sun synchronous 1030 and 2230 local time
altitude, whereas within narrow spikes the precipitating polar orbit (inclination = 96.30) at altitudes from 170 to 280
directional fluxes were often within a factor of 10 of the daily km. The electron spectrometer ME1 at a zenith angle of 00
averaged trapped fluxes. Strong depletions in the synchronous (less than 300 pitch angle for much of the data presented and
altitude >_ 1.5 MeV electron intensities are shown to be therefore in the bounce loss cone) and ME2 at a zenith angle of
associated with low altitude measurements of the equatorward 1800 had acceptance angles Of +300. At these altitudes themovement of precipitating spikes to lower L shells. 10 a cetneage f+0-A hs liue h

p field-of-view of the ME I detector is entirely within the bounce

Introduction loss cone. The silicon detectors in MEI and ME2 were
surrounded (except for the entrance aperture) by plastic

Relativistic electron enhancements have been studied scintillator anticoincidence shields. Counts were recorded in
extensively using measurements taken on synchronous-orbit each corresponding anticoincidence counter. both singles and
eitesy s in coincidence with the silicon detector- only one thresholdsatellites (e.g. Baker et al.. 1986). Detailed information on the level was used and for electrons the threshold energy for

frequency of occurrence of these events and on the energy detection was -I MeV. The geometric factor for the singles
spectra was obtained. In the past. good correlations have been
found between the relati% istic electrons at synchronous altitude response was 3.09 cm2 sr with an acceptance angle of +30P.
and the > I MeV electron fluxes at 840 km altitude (Baker et Electron flux measurements at high altitude were taken with
al.. 1990). but the low Jtitude observations were not limited the Spectrometer for Energetic Electrons (SEE) flown at
to directly precipitating electrons in the bounce loss cone. geostationary orbit on board spacecraft 1982-019. The
These measurements have not provided much knowledge of spectrometer is a two element telescope consisting of two
the extent in L-shell of ,e enhanced region or of the fluxes of silicon detectors (operated in parallel) and a bismuth germanate
relativistic electrons preLipitating directly into the atmosphere. scintillation crystal. The SEE sensor makes integral electron
Vampola (1971) reported S3-3 measurements of precipitating measurements at energies > 1.5 MeV and four differential
relativistic electrons at altitudes from 362 to 4480 km. Some measurements at higher energies.
information on the L-shell extent and on the fluxes of
relativistic electrons precipitating in the loss cone has currently Presentation of Data
become available for a i-!w events (lmhof et al.. 1991) from
low altitude satellite measurements. However. many critical A survey for relativistic electron spikes well within the
questions still remain unanswered. How well do electrons bounce loss cone was conducted with the SEEP data. To
trapped at high altitude and those in the bounce loss cone track qualify as an event in this survey. it was required that the
each other? in particular, when flux decreases are observed at plastic scintillator singles counting rate in the MEI
synchronous altitude near the beginning of an event what are spectrometer, which was viewing upward, increase above
the corresponding changes at low altitude? How does the L- background by at least a factor of two and that the increase be
shell extent at low and high altitudes compare? Many of these significandy above that in the scintillator of the ME2 detector
questions can be answered with simultaneous relativistic which was viewing downward.
electron measurements at high and low altitudes. Here such Precipitating electrons above I MeV were measured with
data are presented. and of particular interest are strong events the anticoincidence detector in the MEI spectrometer as noted
with relatively steep onsets. above. When these fluxes were enhanced they were typically

above background in the form of spikes near the trapping
Description of Instrumentation boundary with 10 second observation or less (equivalently a

spatial width of less than 100 km (Imhof et al.. 1991)).
We present here a comparison of the data from electron Precipitation spikes observed for less than one second were

detectors on the low altitude S81-i satellite with the electron not included in the survey. For studying the time profiles one
can use either the maximum flux or the time integrated flux
(fluence) measured in each spike during a satellite pass. Both

Copynght 1991 by the American Geophysical Union. approaches have been used for comparisons of SI-l data
with measurements at synchronous altitude and give consistent

Paper number 91GL00132 results. Here we present analyses based on the maximum flux
0094-1534,91/90GL4]0132S03.00 in each spike.
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Averages of the peak fluxes have been obtained both for - .r _ - a ,$sav 1"0-20 so. .(, £ e vspikes at all L values and also restricting their inclusion only to = s/¢ '962-, s ............ sic E s
spikes at L>5. In the latter case the enhancements were more
pronounced. accordingly, all flux plots presented here are
limited to L values above 5. Figure I shows these fluxes 0
plotted as a function of time. The background rate which was t
typically about 60 counts per -second has been subtracted from ,
the peak counting rate in each spike. The spike fluxes vary Z 1
considerably from one satellite pass to the next. Also shown
are 24 hour averages of the average peak flux recorded on each Zt
pass: for these averages zero flux is assumed for a pass when U
no spikes were observed at L>5. On some days the averaged
precipitating fluxes were below the threshold level for 'a
reporting a spike since no precipitation spikes were observed
on many of the passes. Analyses of the low altitude data were
performed for median flux values in addition to average values
and gave nearly the same results. " o2

For comparison, the two sets of data. S8 1-I and SIC 1982- 24a 2(8 82 ) 30 33

019. are plotted in Figure 2 as a function of day number in
1982. Daily averages of the precipitating electron flux above I Fig. 2. Daily averaged fluxes of precipitating electrons >I
MeV measured in the MEI anticoincidence detector on the MeV measured at low altitudes on the S81-i satellite and
S8 1-I spacecraft are shown. In converting from counting rate electrons recorded at synchronous altitude on S/C 1982-019.
to flux we have used a geometric factor of 3.09 cm- sr which The latter electrons are at energies of a 1.5 MeV and their
is rigorously applicable only to isotropic fluxes. Based on corresponding fluxes are multiplied by 0.01 for clarity.
other measurements of electron precipitation near the trapping
boundary (e.g. Imhof. 1988) we have assumed that many of In prior studies of the high altitude data (e.g.. Baker et al..
the electron precipitation spikes considered here are isotropic. 1986), there has been much attention paid to the 27-day
Also plotted are 24 hour averages (multiplied by a factor of recurrence tendency seen in the relativistic electron component.
0.01) of the electron directional flux > 1.5 MeV measured in In the present study we have only 100 days of concurrent low-
the SEE detector on S/C 1982-019. It is clear that on a daily altitude and high-altitude data available and it is difficult to
basis the > I MeV precipitating electrons in the bounce loss verify a true periodicity in such a limited interval. Moreover.
cone as observed at low altitudes track rather well the > 1.5 the strong 27-day recurrences reported by Baker et al. for the
MeV electrons trapped at synchronous altitude. SEE data become particularly prominent later (i.e.. in 1984-

The daily averaged fluxes of electrons precipitating at L>5 85) than the present analysis interval. Nonetheless. Figure 2
were about an order of magnitude less than the fluxes of does show some tendency for 27-day enhancements with.
electrons trapped at high altitude on L = 6.6. The daily perhaps. an interleaving of two cycles to give evidence of 13-
averaged fluxes of precipitating electrons at L = 6.1 to 7.1 day recurrences.
were about 0.3 percent of the daily averaged fluxes observed In Figure 3 the daily averaged fluxes of precipitating
at synchronous altitude. However, in the narrow spikes the electrons above I MeV as measured at L>5 in the
precipitating fluxes were often within a factor of 10 of the anticoincidence scintillator of the MEI spectrometer on the low
daily averaged fluxes trapped at high altitude. Much of the altitude S81-1 satellite are plotted versus the daily averaged
reduction in the daily averaged precipitating fluxes relative to electron fluxes > 1.5 MeV recorded at synchronous altitude in
the trapped fluxes at high altitude can perhaps be attributed to
irregular access of electrons to the bounce loss cone. Of
course in many cases the precipitation may be only in the drift t0

l 24 Hour A s'aqe Voiues L > 5loss cone. > 581-I/SEEP Nidl E > I IoV Precipitating at 170-280
S/C 1932-Oi SEE E a 1.s NoV of synchronous M

St-'/scp A,4 ,, ,7o-o Sk L • Days 240 tfhrough 333 (1982)
,0* ., 1.k- -.. . . C v. . V 24 ,0,, 4r,,. ,O 0

* 0

:1 .". 0
. . ',. . . 0 o. . "00 0 0 0 ,0 0

I , " ' £ 0

S 0E o 0

c 00
J10 0

244 200 32o 10 10 to
o"r (12) Pre.Ipibatlo" Flux (al/em'-sr-s) C > I U*V

Fig. I. The maximum fluxes in each spike of precipitating Fig. 3. Daily averaged electron fluxes > 1.5 MeV obtained atelectrons >1 MeV at low altitudes from the S81-1 satellite synchronous altitude on S/C 1982-019 versus the daily
plotted as a function of time. Also shown are 24 hour averaged fluxes of precipitating electrons >I MeV as measured
averages of the maximum fluxes, on the satellite S8 I - 1.
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the SEE instrument. By inspection, one can see that the as a function of the daily averaged L values of th," spikes of
precipitating flux > I MeV correlates well with the high precipitating electrons above I MeV. The correlation
altitude flux > 1.5 MeV. The correlation coefficient is 0.77. coefficient is 0.62. significant at the 7.8 sigma level for 100
significant at the 11.8 sigma level for 96 points. For spikes at points. There is a reasonably clear relationship betveen the
L<$ no significant correlations were found. The low altitude logarithm of the flux at 6.6 RE and the averaged L value: thus
observations occurred at exactly the same L value (6.6) as the the decrease at synchronous altitudes is associated with an
synchronous measurements for only a small fraction of the inward motion.
time. but the low altitude coverage of the precipitation spikes is
sufficient to make a comparison of the two sets. Summary

We have investigated the correlation between the
precipitation fluxes at low altitudes and the rates of decrease of We have found good correlations between the time
electrons at high altitudes. The latter quantities were obtained dependence of the fluxes of relativistic electrons trapped at
by considenng the correlations between the precipitation flux synchronous altitude and of relativistic electrons precipitating
at low altitudes and the trapped flux at high altitudes on the into the atmosphere. During narrow spikes well within the
previous day and on the previous two days as well as on the loss cone the precipitating directional intensities were often
following day and the following two days. These results are within a factor of 10 of the daily averaged trapped directional
summarized in Table 1. The correlations are clearly best when intensities at high altitudes, whereas the daily averaged
both sets of measurements are simultaneous within one day. pre:ipitating fluxes were only about 0.3 percent of the trapped

At times of pronounced decreases in the high altitude flux fluxes. A proper comparison of the high and low altitude
there is often a significant equatorward movement in the L- electron populations would be to map adiabatically conserved
value of the precipitation spikes. suggesting that the drop outs quantities according to Liouville's theorem in a realistic
in the high altitude flux. which often occurred at times of magnetic field model. Such a comparison has not yet been
increased geomagnetic activity. may be due to an inward performed in detail for each event. Additional precipitation
movement of the trapped electrons. In Figure 4 the daily may appear primarily only near the edge of the loss cone and
averaged high altitude fluxes of electrons >1.5 MeV are plotted not be within the field-of-view of the ME I detector.

We have also investigated the L shell dependence of the
precipitation of electrons above I MeV as a function of time.
At the times of pronounced depletions in the high altitude

Table 1. Correlation Values Between the Precipitation Flux fluxes the precipitation spikes observed at low altitudes
at Lo. Altitudes and the Trapped Flux at High Altitudes appeared to move to lower L shells.

(for 96 Davs) Ultimately, of course, it is likely that the transport of

electrons into the equatorial loss cone is due to wave-panicle
SEE Correlation Statistical interactions. The correlation between the fluxes of relativistic
Data Coefficient Significance electrons measured at 6.6 RE and the precipitating electron

(Siemat fluxes measured by the SEEP MEI instrument was highest
when data from the same day for the respective instruments2 Days Before +0.13 1.2 were used (see Table 1). Thus, in this sense it is the current

I Day Before +0.36 3.7 near-equatorial flux level that determines the precipitating
Same Day +0.77 11.8 fluxes rather than the time rate of change of the fluxes (at least
I Day After +0.50 5.5 on day-long time scales). From this behavior one might
2 Davs After +0.16 1.5 conclude that the precipitation of relativistic electrons observed

in spikes in the bounce loss cone is not the principal or
dominant loss mechanism. From this point of view. the data
are consistent with the precipitation flux resulting from

S8,/. interaction of the flux trapped at high altitudes with a strength
SC 1-I/SEEP 

M
EE > I 9V Precipilofing at ;70-280 of waves that is constant 'tr a long-term basis. Then the

> S/C 1982-019 SEE E 4 t.5 OV of Syncnronous Alti=uE' precipitation flux would be proportional to the flux trapped at
, Doos 240 tlso~gn 339 (, g2) /high altitude and not the rate of change of flux trapped at nigh

o altitude.
On the other hand. Baker et al. (1987) suggested thatrelativistic electrons may be precipitated quite rapidly. They

0 0  0 suggested that the electrons are strongly dumped into the

000 - atmosphere when fluxes are high in the outer zone. When
. 80 such flux levels are lower (as is true much of the time), they

'0 0 0 40 evidently are not precipitated significantly. Thus. Baker et al.
o 0o 0%0 envisioned the electron fluxes and the wave levels going up

000 and down together ( on time scales < I day) primarily driven
° o by variable source streaigth for the electrons. Hence de waves

0 that ultimately precipitate the electrons could wax and wane
00 along with the electron population rather than remaining

0 0 constant over long periods. In this view. precipitation would
0o be a much more significant loss process for the outer zone.

0 It is important to understand more globally what the outer
zone electron flux variations are. It would be particularly
valuable to measure relativistic electron flux variations at

3 tO s 6 several different equatorial L values at the same time as we
Daily Avraged L. oL Precipitation Splkes E > I Mev observe geosynchronous enhancements. This would more

clearly delineate the global significance of this magnetospheric
Fig. 4. Daily averaged fluxes of electrons > 1.5 MeV at high population and would shed light on its contribution to the
altitude versus the daily averaged L values of electron > I MeV global atmospheric ionization input (Baker et al.. 1987; Imhof
spikes measured in the bounce loss cone. et al.. 1991).
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The Precipitation of Relativistic Electrons Near the Trapping Boundary

W. L. IMHOF. H. D. Voss. J. MOBILIA, D. W. DATLOWE. AND E. E. GAINES

Lockheed Palo Alto Research Laboratory. Polo Alto. California

Highly relativistic electrons are known to be present at synchronous satellite altitude in time-varying
and sometimes large intensities: it is therefore important to consider the fluxes and locations of
relativistic electrons precipitating into the atmosphere. Here we present measurements from the
low-altitude three-axis-stabilized satellite S81-1 of trapped and precipitating electrons from 6 keV to
above I MeV. Significant fluxes of precipitating relativistic electrons above I MeV within the bounce
loss cone are much more often observed near midnight than noon and generally in narrow spikes < 100
km in width typically at L values between 4 and 6 near the radiation belt boundary. The tendency for
many of the relativistic spikes to be near the trapping boundary is consistent with the general pattern
at lower energies confirmed by the measurements presented here of intensity and threshold energy for
isotropy versus L shell. A trend was observed for the higher-energy precipitating electron fluxes to
peak at somewhat lower L values. The precipitation of >I -MeV electrons has been measured to occur
at intensities and in locations that are widely variable within a few minutes superposed on longer-term
variations. On one of the days of strongest precipitation the total nighttime input to the atmosphere
durin 12 hours from >I-MeV electrons within the bounce loss cone near the trapping boundary was

10 ergs. which was an order of magnitude less than the loss rates estimated by Baker et al. from
high-altitude measurements. suggesting that precipitation in the drift loss cone may be significant.

INTRODUCTION altitude typically occurs at a sharply defined energy thresh-
old which decreases rapidly with increasing L value. Highly

The population of relativistic electrons at high altitudes, relativistic electrons might therefore be expected to experi-
such as those regions traversed by synchronous satellites, is ence enhancements in the low L shell portion of the trapping
known to experience major enhancements and depletions boundary.
[e.g.. Baker et al.. 1987]. The electron flux at synchronous The energy selective phenomenon observed by Imhof et
altitude diminishes rapidly in association with an enhance- al. has been interpreted in terms of the loss of adiabatic
ment of geomagnetic activity and then increases [Nagai, motion when the radius of field line curvature is less than an
1988]. An important question subsequently arises: How order of magnitude greater than the gyroradius of the elec-
many of these relativistic electrons are ultimately precipi- trons. The mechanism inherently has a threshold energy that
tated into the Earths atmosphere, and where does such is dependent upon the characteristics of the magnetic field
precipitation occur? This matter is important to consider line, and hence an L dependent threshold for isotropy is
from the standpoint of understanding both the electron perhaps to be expected. For various magnetic field models,
transport processes and the associated effects in the atmo- theoretical calculations have been made of the expectations
sphere of relativistic electron precipitation. Here we inves- (Popielawska et al., 1985; Bafchner and Zelenyi, 1989]. and
tigate the precipitation of relativistic electrons. they are consistent with some of the observations. On the

Vampola [1971, 19771 investigated the precipitation of other hand, for wave-particle interactions a strongly L
relativistic electrons using some examples from the S3-3 dependent threshold could result from changes with L in the
satellite data. High-energy (E > 1.5 MeV) electrons were frequency distribution of the waves or in the plasma density.
found to be scattered more readily than lower-energy (E - So the L dependence of the threshold energy may by itself
300 keV) electrons. Thorne and Andreoli [19801 made a not provide a unique identification of the mechanism.
study of relativistic electron precipitation (REP) events The energy selective outer boundary has been observed
using S3-3 satellite data. The electron energies were in the previously from two different satellites, but both of the
range of a few hundred keV. It was found that many of the earlier studies were performed from a spinning vehicle, and
events occurred near the outer limit of electron trapping, but arlier Sties were ehie, andneither time profiles of the precipitation rates nor compai- accordingly the precipitating fluxes were measured only
sons with synchronous altitude measurements were pro- within a limited duty cycle. With such a sampling, keyvided, portions of and even entire precipitation events could beOver a wide range of energies the loss of electrons from missed. Several advantages are achieved when the measure-the radiation belts is enhanced near the outer edge e.g., ments are performed from a three-axis-stabilized satellite.the aditio bets i enancd nar he oteredg (eg.,The advantages include the following: (1) ADl precipitation
Fritz. 1968, 1970]. For the first time the precipitation near the
midnight trapping boundary was shown often to display an spikes of sufficient intensity are measured, with none being
energy and L shell dependent flux enhancement and an lost because of duty cycle effects. (2) Accurate measure-
energy selectivity which varies strongly with L value flmhof meats are obtained of the L shel width of the transition
et al., 1977, 1979; Imhof, 1988]. The onset of isotropy (i.e., region for energy selectivity. (3) Any deviations from a
where the trapped and precipitating fluxes are equal) at low monotonic pattern in the threshold energy for isotropy

versus L value can be more readily observed.
Copyright 1991 by the American Geophysical Union. Here we present relativistic electron precipitation data

Paper number 90JA02343. acquired with the SEEP (Stimulated Emission of Energetic I
0148-0227/91/90JA.02343S05.00 Particles) experiment on the S81-1 spacecraft. Intensities J,
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Fig. 1. Examples of flux enhancemems, observed on selected satelitie passes. Backgrounds have not been Subtracted.
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and spatial distributions of precipitating electrons above I 7. .,II/.m,
MeV are considered. For lower-energy electrons we inves- I 01 IL. . I" r

]* . Mi, a . I oiv sp •

tigate the threshold energy for isotropy and its dependence '"- h.wA.wAOE

on L shell near the trapping boundary.

DESCRIPTION OF INSTRUMENTATION

The Stimulated Emission of Energetic Particles (SEEP)
experiment on the three-axis-stabilized S81-1 spacecraft con- -•

tained an array of cooled silicon solid-state detectors to mea- 4.5 *
sure electrons and ions [Voss et al.. 1982]. The data were %
acquired over the period from May 28. 1982. until December 5.
1982. The S81-1 satellite was in a Sun synchronous 1030 and i".

2230 local time polar orbit (inclination of 96.3 °) at 170-280 km 1
altitude, traveling southward during the daytime. The electron
spectrometers were oriented at various angles to the local ,, X I 2W am 1 2M 2W 2 am

vertical. Here data are used from three of the spectrometers. ,Au DAY1011) umOCT

The spectrometer TE2 at 900 zenith angle (approximately 900 Fig. 3. L value for each nighttime spike of precipitating elec-

pitch angle for the data presented) had an acceptance angle of trons >1 MeV versus day number for days 226-300. August 14.

=-20 and a geometric factor of 0.17 cm 2 sr. The pulse height 1982. to October 27. 1982.
analyzer for the data presented had a range of 6-930 keV with

energy steps of 3.62 keV. The TE2 spectrometer had a very

thin window on the Si detector so that >3-keV electrons and For ME2 the sampling interval is twice as long (0.008 s). During
>30-keV protons could enter. The instruments MEI and ME2 data analysis, energy spectra can be accumulated over an),
at zenith angles of 00 (approximately 300 pitch angle for most of arbitrary time period. In the MEI and ME2 spectrometers.
the data presented and therefore in the bounce loss cone) and counts were also recorded in each corresponding anticoinci-
180°. respectively, had acceptance angles of "30°.geometnc dence counter, both singles and in coincidence with the silicon
factors of 2.47 cm sr. threshold energies of 45 keV. and energy detector: for electrons the threshold energy was -I Me V. The
resolutions of about 20 keV. The pulse height analyzer covered geometric factor for the singles response was 3.09 cm: sr with
the range 45 keV to approximately 980 keV. The silicon an acceptance angle of "30*. Electrons above -15 MeV could
detectors in MEI and ME2 were surrounded except for the be detected with a nearly omnidirectional response. but based
entrance aperture side by plastic scintillator anticoincidence on the relative responses observed in ME] and ME2 the latter
shields with an internal energy threshold of about 100 keV. The contribution is ignored for the data studied here.
ME I and ME2 detectors had relatively thick windows: -7 gum In the data analysis. L values were calculated using the
of Kapton double coated with -0. 1 Am of aluminum for a total Goddard Space Flight Center (GSFC 12166) geomagnetic
thickness of -1. 1 mgcm-2. The penetration threshold energy field model [Cain et al., 1967] for the epoch 1980.
for electrons was -22 keV and for protons was -500 keV.
Total integral counting rates above several thresholds in each
of the spectrometers were recorded during successive 0.064-s LOCATIONS OF PRECIPITATING ELECTRONS

intervals, and the pulse height address of the first count in each ABOVE I MEV

successive 0.004-s interval was recorded for TE2 and MEL. On midnight passes of the S81-1 satellite at high latitudes.
narrow spikes of precipitating electrons above I MeV and
well within the bounce loss cone were often observed. An

example of a satellite pass with such flux enhancements is
illustrated in Figure Ia. which shows the fluxes of mirroring
(TE2) and precipitating (MEl) electrons above 300 keV. Due

o 10111 to the low altitude of the satellite, at certain locations locally
I.0S ,,mirroring electrons are precipitating because they are in the

bounce loss cone (when the altitude of the conjugate point is

below sea level), or in many places they are in the drift loss
cone (when the minimum altitude upon longitude drift
around the Earth. h1in, is <0 km). The case in Figure Ia is

a unusual in that within the same satellite pass, significant
fluxes of electrons above I MeV are precipitating in narrow
spikes both near the trapping boundary and at somewhat
lower latitudes. If present, the precipitation observed with
the MEI detector is generally at only one location, although

- 31 the widths and shapes may differ considerably, as illustrated
in Figures lb and ic. In the latter figures are shown the

0 t M 3 4W fluxes of precipitating electrons above 45 keV. 300 keY. and
WSYL I MeV. Throughout this paper the fluxes above I MeV are

Fig. 2. Distribution in observed temporal/spatial width of the based on the total counting rate in the anticoincidence
nighttime precipitation spikes. shield. The rate of coincidences between the silicon sensor
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so and the antiscintillator shield was typically about 8O"r of the
14 AUG-V OCT 1W antisingles rate for the data presented here. Backgrounds
"w8flnm

-Kp . 3due to cosmic rays have not been subtracted.
KP!S 3A survey for relativistic electron spikes well within the

bounce loss cone was conducted. To be qualified as a point

in this survey, it was required that the anticoincidence
counting rate in the MEl spectrometer, which was viewing
upward, increase above background by at leas, a factor of

antichannel of the ME? detector, which had an acceptance
I2o angle in the downward direction. A variety of narrow spikes

occurred, but most commonly the enhanced fluxes above I
MeV were observed for less than 10 s (77 kin) and were

0 1. generally between L of 4 and 6. The distribution in transit time
2 3 (or equivalent spatial width) of the nighttime spikes is shown in

Figure 2. Here the full widths are taken to be at one-fifth
maximum. The equivalent spatial widths in kilometers are

Fig. 4. Distribution in L value for each nighttime spike of shown for a satellite velocity of 7.7 km/s. The transit time
> I--le\ precipitating electrons, separately for Kp s 3 and forp p> intervals shown in the figure should not have been influenced
3 for days 26-300. August 14. 1982. to October 27. 1982. by the selection criteria used in the original survey except that
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Fig. 5. Integral fluxes above various threshold energies at 0r and 90r zenith angle versus time Iupper section). At
selected times are shown differential energy spectra for accumulation time periods of 2.048 It each for detectors MElI
(01 with a verticul field of view and TE2 W9) with a horizontal field of view (lower section).
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Fig. 6. Integral fluxes above various threshold energies at 0° and 90' zenith angle versus time (upper section). At
selected times are shown differential energy spectra for accumulation time periods of 1.024 s each for detectors ME]
(0°) and TE2 (90') (lower section).

spikes narrower than - I s were not included in the survey. The (September 6, 1982), with several precipitating flux enhance-
data indicate that relativistic electron precipitation in the ments occurring at calculated L values between 2.5 and 3.0.
bounce loss cone tends to occur over very localized regions. The overall distributions in L value are shown in Figure 4,
Seldom does the enhanced precipitation extend over a broad separately for Kp !s 3 and Kp > 3. It is clear from the figure
latitude interval on any given satellite pass. The average width that at times of higher Kp the relativistic electron precipita-
is about 40 km, and 90% of the spikes have a width < 100 km. tion spikes tend to occur at lower L values. Nearly all of the
This finding has important implications both for total energy spikes below an L value of 4.5 occur during geomagnetically
input into the atmosphere and for efforts to understand the active times.
responsible precipitation mechanisms. Of course, some or
many of the spikes may have been arclike in extent perpendic- IbOTRoPY NEAR THE TRAPPING BOUNDARY
ular to the satellite path.

Some of the questions which naturally arise are, What is Since the spikes of precipitating electrons above I MeV
the L value at which the relativistic precipitation spikes generally occur in the outer portions of the radiation belt. it
occur, and how does the L shell of this location change with seems appropriate to investigate the consistency of these
geomagnetic activity? To study the problem in greater detail, patterns with those of lower-energy electrons at such posi-
a representative period, from August 14, 1982. to October tions. Near the midnight trapping boundary the occurrence
27. 1982. was selected. For this time period the location of of L dependent peaks in the flux of precipitating electrons
the observed precipitation is plotted in Figure 3 for each that vary with energy and energy selective thresholds for
spike. Twenty-four-hour averages are also shown in the isotropy has previously been reported (Imhof et al., 1977,
figure. Very low latitude spikes were found on day 249 1979: Imhof, 19881, but the measurements were all from
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Fig. 7. Integral fluxes above various threshold energies at 0* and 90' zenith angle versus time (middle section). At
selected times are shown differential energy spectra ror accumulation time periods of 1.024 s each for detectors ME!I
40) and TE2 (90") (top and bottom section).

spinning satellites, and accordingly the precipitating elec- trons were each observed continuously with 0.064-s time
tions were recorded during only a small fraction of the resolution. Integral fluxes above 300 keV threihold energy at
observing time. Now we consider nighttime data from the 00 (MEI) and at 90* (TE2) zenith angle are plotted as a
S I -I satellite in which the precipitating and trapped cec- function of time in the upper section of Figures5. Also plotted
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Fig. 8. Integral fluxes above various threshold energies at 0W and 900 zenith angle versus time (middle section). At

selected times are shown differential energy spectra for accumulation time periods of 1.536 s each for detectors MEI
(00) and TE2 (900).

are the integral fluxes Tbuve I MeV of precipitating electrons Figure 7 shows an example of a nighttime satellite pass
as measured with the ME I anticoincidence detector. Back- when several pronounced precipitation spikes occurred
grounds, which are small compared to the counting rates in within the outer radiation belt in addition to a spike at the
many of the spikes, have not been subtracted. The typical flux trapping boundary. Selected energy spectra are shown for
enhancement at the trapping boundary is evident. The figure accumulation time periods of 1.024 s each. A threshold
illustrates the trend for the higher-energy electrons to precipi- energy for isotropy appeared in the spectra near the trapping
tate over a more confined region at somewhat lower L shells, boundary, and the energy tended to decrease with increasing

Differential spectra with fine energy resolution were ob- L value, but no such spectra appeared in the spike near 2460
tained by recording individual addresses at a maximum rate s at lower L values. The spectra at the lower L shells were
of 250 per second. Differential energy spectra for detectors harder than those near the trapping boundary.
ME I and TE2 are shown in the lower sections of Figure 5 at More complex cases than the data just shown were
selected times during the crossing of the trapping boundary observed. Figure 8 contains a nighttime example in which
for accumulation time periods of 2.048 s each. At certain energy selective isotropy did not display a monotonic behav-
locations the appearance of a threshold energy for isotropy is ior at all L values. The spectral accumulation time periods
evident. At energies below this threshold a crosshatch pattern were 1.536 s each. Pronounced threshold energies for isot-
is placed between the trapped and precipitating fluxes. Consis- ropy occurred poleward of the trapping boundary. One
tent with previous publications the threshold energy tends to might speculate that at such positions the magnetic field line
decrease with increasing L value. A similar pattern for another geometry may be similar to that at the trapping boundary.
nighttime crossing of the satellite is shown in Figure 6 for The changes in spectral shape of the trapped and precip-
spectral accumulation time periods of 1.024 s each. itafing electrons during narrow and pronounced variations in



N6 NHOF ET AL.. PRECIPITATION OF RELATIISTIC ELECTRONS

650 F I I |I

581-1/SEEP AY 11982.1 TIMEs

TSYGANENKO CURVE +- 309 S6amSYGANENKO CURVE62

* 200 68674
450 A 200 74455

O 225 60073
o 232 62300

S163 17S00
60203 49719

350 A A 202 58145
' 0 203 67453
* 203 7275

0 50 - IIII
SO

5.0 5.2 5.4 5.6 5.3 6.0 6.2 6.4

L

Fig. 9. Observed threshold energy for isotropy versus L for 1.024-s intervals on passes near the midnight trappingboundary.

flux can be obtained with much finer time resolution by using Figure 10 as a function of time. A background of 60 counts/s
the observed counting rates above 45, 100, and 300 keV was subtracted from the peak counting rate in each spike. In
rather than the differential spectra which have limited statis- converting from counting rate to flux we have used a
tical accuracy due to the low sampling rate. From such geometric factor of 3.09 cm2 sr which is rigorously applica-
analyses it can be shown that changes in spectral shape for ble only to isotropic fluxes. Based on other measurements of
the ME I detector sometimes occur in close coincidence with electron precipitation near the trapping boundary [e.g..
the strong decreases in precipitating flux. Imhof, 1988] we have concluded that many of the electror

In Figure 9 the observed threshold energy for isotropy is spikes considered here are isotropic. Also shown are 24-houi
plotted as a function of L at positions near the midnight averages of the average peak flux recorded on each pass,
trapping boundary for I I passes. The figure shows the including zero flux for passes when no spikes were observed.
highest energy at which the flux in the loss cone is less than On some days the average precipitating fluxes were below
the flux of locally mirroring electrons, as a function of L the threshold level of about 20 electrons (>I MeV)/cm 2 sr s
value for each pass. Whereas the energy spectra just shown for reporting a spike since few or no precipitation spikes
were for accumulation time periods of 1.024-2.048 s, all of were observed on certain passes.
the threshold energies plotted in Figure 9 were taken from Although there is considerable variation from one pass to
spectral accumulations of 1.024 s each. Also shown are the next in the fluxes of precipitating electrons above I MeV,
theoretical calculations using the Tsyganenko strong storm some overall trends are apparent. The longer-term increases
model as published in the work by Popielawska et aL. [19851. of the order of days shown in Figure 10 tended to occur at
The slopes of the measurements are consistent with the the times of relativistic enhancements observed at synchro-
theory. However, the data were acquired during geomagnet- nous altitude (Baker et at., 19861. Bars near the top of the
ically quiet periods, whereas the calculations of Tsyganenko figure show the time periods of these events. For comparison
were for storm time conditions. On these passes the ob- the Kp and Dst values are plotted in the lower two sections
served values of the threshold energy for isotropy versus L of Figure 10. Large variations appear in the observed flux
are in good agreement with the calculations, assuming loss of from one satellite pass to the next.
adiabatic motion for small radii of field line curvature. How- We have investigated how much of the scatter in data
ever. the observed L shell patterns of threshold energy for points may be associated with variations in geomagnetic field
isotropy at nighttime are sometimes quite diferent. Such geometry. The dependence of the flux upon the longitude of
examples might indicate the importance of other mechanisms observation is plotted in Figure 11, separately for the north-or the occurrence of variations in the magnetic field geometry, er and souther hemispheres. Figur 12 shows the variation

of flux with the conjugate point altitude and with the mini-
ELEcTRONs ABovi I MEV mum drift altitude, ha. The precipitating fluxes show no

We have surveyed the nighttime data on many satellite obvious dependence upon the altitude of the conjugate point,
passes across the trapping boundary and searched for times and upon h,,,. From the low-altitude S8 l-I satellite, positive
when the counting rate in the MEI anticoincidence detector values of h. were encountered primarily in the southern
was enhanced and significantly greater than in the ME2 hemisphere, but the range of positive hw values corre-
anticoincidence counter. The peak fluxes were tabulated, as sponds to only a small portion of the southern hemisphere
were the fluxes integrated over the time duration of each longitudes plotted in Figure I I.
spike. The peak precipitation fluxes at L > 5 from August 14 To see how the flux varies with geomagnetic activity, the
through October 27, 1982, are plotted in the top section of distributions in peak flux at nighttime of the spikes of
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precipitating electrons above I MeV are presented in Figure S-I/SEE P > 5 NIGHT CASES 14 AUG-27 OCT 192

13 separately fo r K p -< 3 and fo r K p > 3 fo r the perio d o f InIr H . . . . . . . . .

August 14 through October 27. This display illustrates the
large variations in flux that occur and the lack of a strong IoN
dependence on Kp.

We can also check the day/night dependence of these a 00
events. All of the observations presented so far were ac- "

quired during satellite nighttime. A comparison with daytime .

observations is shown in Figure 14, which gives the fre- X 10' • " *.'

quency of occurrence versus the flux. The data come from a . . .. -

representative sample of the S81-I data. using all of the -. " " . -

precipitation events which were observed between Septem- . _..... ... },..

ber 6. 1982. and October 2. 1982. Satellite data coverage was .' " " .. • '

nearly complete, both day and night, during this time inter- 10'L . . .
val. It is clear from the figure that -80% of the cases

occurred on the nightside of the Earth. SOUTH

SUMMARY AND DIscUSSION 1o

In the vicinity of the midnight trapping boundary of the T

radiation belt. highly relativistic electrons frequently precip- T 104

itate in the bounce loss cone in narrow spikes. often at high R
intensity. From a low-altitude satellite the spikes typically . - .

have an observing time duration shorter than 10 s or a width 1' :. " . • . " . ,,

of less than 100 km. At nighttime the precipitation of N...

electrons above I MeV in energy has been measured to 10' ::*-": . . •

occur at widely variable intensities and locations. Most of Z ... ..

the nighttime precipitation spikes of such electrons occur at
0 30 0 90 110 110 210 240 27030 330 360

WNWlTUDE (E)

1o' ......... ...... Fig. II. Fluxes of nighttime precipitating electrons above I
mssm MeV plotted as a function of longitude. separately in the northern

• anumTM nUmI1 G I MW and southern hemispheres.

to. -U NOWA V 
+

I. ~~* A1IE. U UWICIS
7-7- -. -- L values between 4 and 6. Precipitating electrons of this

,* energy in the bounce loss cone were also observed in the
. " ." daytime, but significant precipitation occurred less often.
.I The preferred nighttime occurrence within a narrow latitude

.... . band is consistent with the findings of Vampola [1971] and of
""T . Thorne and Andreoli [1980]. Many of the highly relativistic

* ': . *.. electron spikes presented here are near the trapping bound-

10 ary, usually at the low L shell portion of the boundary consis-
, tent with the general pattern at lower energies of intensity and

threshold energy versus L shell. Stimulated by the need to
101 understand in detail the positions of precipitation of relativistic

_0 ......._........._......_ electrons as well as the mechanism(s) responsible for an energy
* threhol for isotropy we have used the SEEP data to study

*selectron precipitation near the trapping boundary.
We have found that near the outer edge of the nighttime

a radiation belt the L shell dependence of the energy threshold
. . . for isotropy is often consistent with loss of adiabatic motion

.,,,0 ,. ......... . . ....... when the radius of eld line curvature is less than an order of
0 magnitude greater than the gyroradius of the electrons. The

100 mechanism was found by BDchner and Zelenyi (19691 to be
more effective for very small equatorial pitch angles. It would
then affect primardy electrons rabroring at low altitudes and

........ . ....... ......... not necessarily require that at the apping boundary there be a
ma M VI M 2 S - '" collapse of the manetic field line at high altitudes. Near the

Vtio trapping boundary the observed L shell pattern of threshold
Fig. 10. Fluxes of nighttime precipitating electrons above I energy for isoropy are sometimes quite differeat, indicating

MeV plotted as a function of time (top section). The bars represent the importance of other mechanisms or the occunence of
time periods of relativistic electron enhancements at synchronous
altitude. The 3-hour Kp index and the Dst index are plotted versus variations in the magnetic field geometry. These results con-
time in the lower sections. firm earlier studies using spinning satellites.
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Fig. 13. Distribution in the peak flux of the spikes of precipitating
104:....electrons above i MeV separately for Kp <- 3 and for Kp > 3 where L> 5. For the lower geomagnetic activity range there were a tota of 382

-" spikes whereas 231 spikes occurred when Kp was above 3.

W between low-altitude data and available measurements at

.. synchronous altitude.

10
2  The satellite S81-1 typically passed through the interval

• L =4 to L =6 in about 100 s. In the first 12-hour period on
day 252 (September 9) the average total counts acquired at

I nighttime in the spikes of directly precipitating electrons
so 120 1so 200 240 20 above I MeV during a pass through all L values was l05 ,

NMIN (kl1) compared to -5 x 103 when there were no spikes. Most of
the latter counts were background in nature and not associ-

Fie. 12. Fluxes of nighttime precipitating electrons above I ated with precipitating electrons. This average counting rate
Me\ plotted a. a function of the conjugate altitude 1upper section) of - 1000 counts/s yields an average flux of 324 el/cm2 sr s in
and the minimum drift altitude. Iimn (lowser section). the interval 4 < L < 6 (invariant latitudes 60'-65.9*). This

region is where most of the precipitation of electrons above
I MeV occurs. The area of this interval over 12 hours of local
time is approximately 6 x 1016 cm2 in each of the northern
and southern hemispheres. If the relativistic electron precip-

Consideration should be given to the possible importance itation at all nighttime hours was the same as at -2230 and

of wave-particle interactions. Vampola [19771 and Koons et
a/. 119721 demonstrated that a number of outer zone electron
boundary phenomena can be explained on the basis of a
rapid pitch angle scattering by electrostatic wave interac-
tion. Although wave-particle interactions are clearly very 1-] 11eWf us
important. a threshold energy for isotropy is present on most 0" iVan
satellite passes across the boundary, and to attribute this -,,
alvays to waves would require the nearly continuous pres- 4*
ence of waves at this position with a charactenstic pattern
for the L dependence of a cutoff in frequency.

From a superposed epoch analysis of the fluxes at syn-
chronous altitude. Nagai [19881 found there is a rapid
decrease in the flux of electrons above 2 MeV in association 2

with an enhancement of geomagnetic activity followed by an
increase in the flux which peaks approximately 4-5 days
after the enhancement of geomagnetic activity. The 24-hour
averages presented in Figure 10 of this paper show time.
profiles for precipitating electrons above I MeV that are not ,s, a,. is.
inconsistent with those reported by Nagai 119881. However.
at the peak of geomagnetic activity the fluxes of >I -MeV Fis. 14. Distribution in the peak flux of the spikes of precipitat-
precipitating electrons were generally located at lower L ing electrons above I MeV. separately for day and night data. The

a etime penod covered is from September 6. 1962. through October 2.
values than that of a synchronous satellite and were often 1982. For L > 5 at nighttime there were 185 spikes. whereas in the
below L = 5. In a future survey, comparisons will be made daytime over this same time period there were 48 spikes.
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was the same in both hemispheres. then the total rate of b% the Air Force Office of Scientific Research (contract F-.16"-0-89-
precipitation of electrons above I MeV was - 1.2 x 10:' elus C-0072) and by the Office of Naval Research icontract NOOOl4-tt$-
or -5 x I0

'4 electrons in 12 hours. With an average energy C-0033). The Lockheed Independent Research program provided
partial support for the analysis. The dedicated efforts ofper precipitated electron of 2 MeV [Baker et al.. 1987]. the J. P. McGlennon and D. P. Eaton in data reduction are gratetull%

total nighttime energy input from electrons in the bounce acknowledged. We also thank D. N. Baker for making some
loss cone during this 12-hour period on September 9. 1982. synchronous altitude data available to us.
was -101 9 ergs. We have shown that the frequency of The Editor thanks P. R. HigbieandJ. B. Blake for their assistancewas ~l09 ers. e hae sownthatthefreqenc of in evaluating this paper.
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Relativistic Electron Microbursts
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Abstract

We report the first satellite observations of relativistic (> 1 MeV) electron
precipitation in microbursts with durations of less than one second. The
locations of many of the relativistic microbursts are concentrated at the outer
edge of the trapped radiation belt, where the gyroradii of the electrons are
comparable to the curvature of the magnetic field lines and stable trapping may
therefore not occur. Microbursts of lower energy electrons (10-100 keV) have
been studied previously and found to be closely associated with VLF chorus
emissions. To investigate whether wave-particle interactions with ELF/VLF
waves are responsible for the triggering of the relativistic microbursts, we have
searched VLF wave data recorded at Siple Station, Antarctica (L= 4.2) and at
Roberval, Quebec at times when the satellite was near Siple or its conjugate point
(Roberval). Neither VLF chorus events nor other magnetospheric ELF/VLF
wave activity was observed on the ground at the times when relativistic
microbursts were detected during nearby passes of the low altitude polar
orbiting S81-1 spacecraft. Also, the relativistic electron microbursts occurred
more frequently near 2230 LT than 1030 LT in contrast with the predominantly
morning sector occurrence of discrete ELF/VLF emissions and lower energy
microbursts. The available data on these relativistic microbursts thus appear to
indicate that many of the bursts may not be due to wave-particle interactions.
Rather, the preferred location of the microbursts implies the possible importance
of irregularities in the magnetic field lines near the trapping boundary as a loss
mechanism.
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Introduction

Relativistic electrons are known to be present in the radiation belts with
pronounced spatial and temporal enhancements and depletions (e.g. Baker et al..
1986). but the source and loss mechanisms are not well understood. Bursts of
relativistic electrons precipitating into the atmosphere have been observed for
durations typically of one to ten seconds (Imhof et al., 1991). In order to
understand the precipitation mechanisms it is important to study these bursts in
more detail since they display a variety of time durations. The different time-
width bursts may or may not be produced by the same class of mechanism(s). As
with lower energy electron precipitation the short time bursts may provide
unique information, particularly with respect to the importance of wave-particle
interactions as a possible cause for their precipitation.

Microbursts of precipitating electrons were first described by Anderson
and Milton (1964). The electrons were detected from balloons by measuring the
x-rays produced when they encountered the atmosphere and the electron energies
were mostly in the tens to hundreds of keV range. The microbursts were
characterized by durations of - 0.2 second and interburst spacings of - 0.6
second. Most observations of microbursts have been conducted from balloons or
rocket-borne parachute deployments and have involved measurements of the
bremsstrahlung x-rays produced by the electrons as they encounter the
atmosphere (e.g. Parks, 1978; Rosenberg et al., 1981; Bering et al., 1988).
Microburst events have been found to be closely associated with VLF chorus
waves observed on the ground (Rosenberg et al., 1990).

One set of early observations of microbursts was made from the Injun 3
satellite and involved the direct measurement of precipitating electrons > 40 keV
(Oliven et al., 1968). The microbursts were found to occur preferentially in the
early daylight hours and seldom near midnight. Oliven et al. reported that the
microbursts occur predominantly at L= 6 to 8.5 and MLT = 0430 to 1230. They
found that the microbursts were always accompanied by VLF chorus, but one-to-
one associations between the microbursts and chorus emissions were not
observed. The latter can be attributed to the fact that the electron precipitation
induced by chorus in whistler-mode gyroresonance interactions observed at one
hemisphere would first be deposited at the conjugate hemisphere.

Short bursts of electrons with energies above 45 keV were studied with
data from the S81-1 low-altitude polar orbiting satellite (Imhof et al., 1989). The
bursts met all of the criteria for microbursts, and had soft spectra with negligible
flux above 1 MeV. The study included 87 satellite passes. Bursts occurred in 44
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(72%) out of 61 daytime passes and in 14 (54%) out of 26 nighttime passes, thus
indicating a higher occurrence rate during daytime. In all 33 cases when the
satellite was near Siple Station and microbursts were detected, chorus activity was
also observed at ground stations within nearby times.

Measurements on the S8 1-1 satellite of electrons at energies above 1 MeV
in bursts longer than one second were recently published (Imhof et al., 1991).
That study was limited to bursts ranging from 1 to 10 seconds in duration which
were found primarily at L-values between 4 and 6. These relativistic electron
precipitation bursts of > 1 sec duration were found much more often near
midnight than noon.

In this paper, we present for the first time observations of relativistic
electron microbursts of durations typically < 1 sec. These microbursts are
believed to be of a different nature than the previously reported bursts of longer
durations. Previously reported studies of microbursts have involved primarily
electrons of energy below a few hundred keV. Since earlier microburst studies
showed an association with ELF/VLF waves, we report here also an extensive
analysis of associated ELF/VLF wave activity.

Description of Instrumentation

The Stimulated Emission of Energetic Particles (SEEP) experiment on the
S81-1 spacecraft contained an array of cooled silicon solid state detectors to
measure electrons and ions (Voss et al., 1982). The data were acquired over the
period from May 28, 1982 until December 5, 1982. The S81-1 three-axis
stabilized satellite was in a sun synchronous 1030 and 2230 local time polar orbit
(inclination = 96.30) at altitudes from 170 to 280 km. The data used in this study
were obtained primarily from two electron spectrometers, one at a zenith angle
of 0' (ME 1) and the other at a zenith angle of 1800 (ME2). Both detectors had
acceptance angles of ± 300 and at these altitudes the fields-of-view were entirely
within the bounce loss cone. The ME1 detector responded to electrons about to
precipitate into the atmosphere whereas the ME2 sensor responded to the
backscattered electrons. Except for the entrance aperture the silicon detectors in
both spectrometers were surrounded by plastic scintillator anticoincidence shields
for background reduction. For electrons the threshold energy for detection by
the anticoincidence counters was - 1 MeV due to a combination of the shielding
from the silicon detector and the signal threshold. The geometric factor was 3.09
cm 2 sr with an acceptance angle of ± 300. The bulk of the data presented here
was acquired by the ME1 anticoincidence detector with the ME2 anticoincidence
counter providing a measure of background response. Some lower energy
electron data presented make use of the silicon detector in the ME1 spectrometer.
Fluxes of electrons above 45, 100, and 300 keV were obtained from the outputs
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of scalars which, as with the anticoincidence counters, recorded counts during
successive 0.064 second intervals. The silicon detectors were 1000 microns thick
and had geometric factors of 2.47 cm 2 sr.

The wave data used in this study were acquired with the Stanford
University broadband VLF receivers located at Siple and Palmer Stations,
Antarctica and Roberval, Quebec (geomagnetic conjugate to Siple Station). These
receivers were operated nearly continuously during 1982 in a synoptic mode
(recording I out of every 5-minutes) and also (in addition) during overpasses of
the SEEP satellite within ± 30' longitude of the stations and/or their conjugate
region. The recordings were generally made in analog form on reel-to-reel 1/4
inch audio tapes. The data were high-pass filtered with a lower cut-off frequency
of 300 Hz. The linear dynamic range of the preamplifier and line receiver
systems were - 120 dB.

Presentation of the Measurements

In Figures I through 3 the precipitating electron fluxes above I MeV, 300
keV, 100 keV, and 45 keV are plotted as a function of time for three nighttime
passes of the S81-1 satellite in which bursts were observed for short time
durations. To be qualified as a burst it was required that the counting rate in the
ME I spectrometer, which was viewing upward, increase above background by at
least a factor of 2 and that the increase be statistically significant above that in the
ME2 detector which had an identical acceptance angle in the downward direction.
Microbursts are taken to be those bursts in which the full width at one-fifth
maximum is < I second and relativistic microbursts are taken to be those that
display these features in the integral counting rates above 1 MeV. Examples of
relativistic microbursts that are the subject of this paper are indicated by arrows
in Figures I through 3. The arrows are located at the times of maximum
counting rate in each microburst. An example of data from a daytime pass with
microbursts is provided in Figure 4. The data in all four figures were acquired
with the MEl electron spectrometer at 00 zenith angle and the fluxes given are
based on raw counting rates with no background subtraction. Many of the bursts
of less than 1 second duration observed with this spectrometer are isolated, but
some occur in trains of several narrow bursts. More than one train is observed
on certain satellite passes. Both the temporal structure and occurrence features of
these bursts are identical to those of previously reported microbursts.
Accordingly, we refer to these short pulses as microbursts in the rest of the
paper. The microbursts of electrons > I MeV are generally less prevalent than
the previously studied wider (> 1 sec) bursts in terms of energy loss rates and in
most past analyses only bursts longer than one second were included. As in the
examples shown, the relativistic microbursts display a variety of electron energy
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spectra with the fluxes sometimes being predominantly above 1 MeV. For
example, on 26 September 1982 at 8720 to 8725 seconds (Figure 1) the fluxes >1
MeV were nearly the same as those > 45 keV. At other times, such as the case of
28 September 1982 around 6280 sec (Figure 2), the > 45 keV flux is much
greater than that for > 1 MeV.

The distributions in L-shell of the peak flux of each microburst of
precipitating relativistic electrons observed from the S81-1 satellite are plotted in
Figure 5. Most of the microbursts occurred in the interval L= 4 to 6 with a
median value near L= 5, similar to those of the previously reported 1 to 10
second duration bursts (Imhof et al., 1991). From an examination of the data for
relativistic electron passes it is apparent that both the bursts and microbursts often
occurred at positions that are considered to be near the trapping boundary (e.g.
Imhof, 1988).

In 90 nighttime passes of the satellite microbursts were observed on 42 of
them (47%) whereas in the daytime microbursts were observed only on 9 out of
64 passes (14%). Thus, the relativistic electron microbursts occurred much more
often near 2230 LT than near 1030 LT. This local time preference of relativistic
microbursts is opposite to the published local time occurrence of chorus bursts
(Burtis and Helliwell, 1976) and of the lower energy electron microbursts
(Oliven et al., 1968; Imhof et al., 1989). We note that microbursts with much
softer energy spectra were observed from the same satellite. An example of such
soft microbursts observed in the daytime is shown in Figure 6.

The possible role of wave-particle interactions in precipitating > 1 MeV
electrons was investigated by examining simultaneous ELF/VLF wave data taken
at times of satellite passes close to Siple Station, Antarctica or its conjugate point
at Roberval, Quebec. There were 26 nighttime passes with relativistic
microbursts in the longitude range 2500 E to 3100 E in which simultaneous wave
data were recorded at Siple or Roberval. Chorus was observed on only 5 of these
cases (19%). Figure 7 shows an example of the simultaneous wave and particle
data. In view of the relativistic energies of the electrons and the possibilities of
cyclotron resonance interactions with waves at entirely low frequencies, wave
data in both 0-10 kHz and 0-500 Hz ranges are shown. In the satellite pass shown
relativistic electron microbursts were observed and chorus features were evident
in the waves recorded on the ground, but one to one correlations were not
observed. Daytime data were recorded at 250* E to 3100 E on 8 passes when
wave data were recorded at Siple. ELF/VLF chorus events were observed on one
of these cases whereas neither chorus nor any other discrete ELF/VLF waves
were observed for the remaining 7 passes. From this portion of the investigation
one concludes that chorus events are generally not associated with relativistic
electron microbursts. We note here that typical chorus frequencies are indeed

5



11/21/91

much higher than that required for gyroresonant interactions with > I MeV
electrons near the geomagnetic equator. However, in principle interactions can
occur off from the equator where the resonant energies for typical chorus waves
would be higher. The frequency of occurrence of electron microbursts at two
local times and with and without the presence of chorus bursts or other wave
activity is summarized in Table I and Figure 8.

Comparison of the satellite observations of relativistic electron microbursts
and the wave data recorded at Siple Station has indicated that the microbursts
were generally not accompanied by ELF/VLF chorus or other magnetospheric
wave activity. The validity of this conclusion depends upon the location of the
microbursts relative to the positions of observation of the waves. One must
consider whether associated wave activity may be observed only when the
microburst measurements are very close to the ground stations. To investigate
this matter the locations of the relativistic microbursts with or without the
presence of magnetospheric wave activity are plotted in Figure 9. Clearly, there
is no obvious longitudinal correlation between the presence of microbursts alone
and those which were accompanied by ELFNVLF chorus activity, indicating that
the lack of correlation between relativistic electron microbursts and wave activity
is not likely to be due to the geometry of the measurements.
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Table I

Electron and Wave Data Summary
For Electrons > I MeV

Item LT=1030 LT=2230

Number of passes 64 90
(2500 E to 3100 E)

Number of passes 9 42
with microbursts

Fraction of passes 0.14 0.47
with microbursts

Average number 0.67 1.73
of microbursts
per pass

Number of passes 8 26
with microbursts
and with waves
recorded at Siple

Number of passes 1 5
having microbursts
in which chorus was
recorded

Fraction of passes 0.125 0.192
having microbursts
in which chorus was
recorded

Fraction of all passes 0.018 0.090
having both
microbursts and
chorus
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Discussion

For relativistic electron precipitation similar locations were found for the
occurrences of both the wide bursts and the narrow microbursts, leading to
speculation as to whether they might originate from the same precipitation
mechanism. When considering the responsible loss mechanism(s) it is important
to recognize that sometimes several microbursts occur within a single wide burst.
Such bursts might be considered as trains of microbursts.

Many of the relativistic electron precipitation spikes have been found to
occur very close to the outer boundary of the radiation belt. Enhanced
precipitation is known to occur often near the "last closed field line." From a
low-altitude polar-orbiting satellite the precipitation at this location often displays
L-dependent energy selectivity on a time scale of a few seconds or a distance of a
few kilometers (e.g. Imhof et al., 1988, 1991). The precipitation mechanism may
be due to the loss of adiabatic motion when the radius of field line curvature is
less than an order of magnitude greater than the gyroradius of the electrons. For
various magnetic field models theoretical calculations have been made of the
expectations (Popielawska et al., 1985; Buchner and Zelenyi, 1989; Popielawska
and Zwolakowska, 1991). The occurrence of multiple bursts on the same satellite
pass might be accounted for in such a model in terms of temporal variations in
the magnetic field configuration.

Comparisons of microburst occurence with wave activity have led to
considerably different findings for soft electron microbursts than for the hard
relativistic microbursts. Soft microbursts are usually associated with chorus
wave activity (Oliven et al., 1968; Imhof et al., 1989; Rosenberg et al., 1990)
whereas the relativistic microbursts presented here were generally not
accompanied by any wave activity observable on the ground. Although waves
were not observed on the ground in conjunction with many of the relativistic
electron microbursts one cannot necessarily conclude that the precipitation was
not associated with waves. It is possible that the responsible waves may not have
been observed on the ground because of poor transmission through the
ionosphere. In terms of association with VLF chorus we also note that for typical
wave frequencies, equatorial gyroresonance is not expected to occur with > 1
MeV electrons on the L-shells of 4 < L < 6.

From the data presented here the following conclusions can be made in
regard to the mechanisms responsible for the precipitation of microbursts of
relativistic electrons:
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Relativistic electron microbursts were observed more often at local
times near 2230 than near 1030, a pattern distinctly different from
the more favored occurrence of softer energy microbursts near the
daytime hours.

ELF/VLF chorus or other magnetospheric wave activity was
generally not observed at ground stations during the times that
microbursts were observed on the satellite during passes overhead or
near the conjugate point.

The relativistic electron microbursts at nighttime often occurred
near the trapping boundary, consistent with geomagnetic field line
irregularities as their cause.

We conclude that microbursts of relativistic electrons have a different
origin from low energy microbursts and that the underlying precipitation
mechanisms may not involve wave-particle interactions.
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Figure Captions

Figure 1 The fluxes of precipitating electrons above various energies versus
time for a pass of the S81-1 satellite in the nighttime.

Figure 2 The fluxes of precipitating electrons above various energies versus
time for a pass of the S81-1 satellite in the nighttime.

Figure 3 The fluxes of precipitating electrons above various energies versus
time for a pass of the S8 1-1 satellite in the nighttime.

Figure 4 The fluxes of precipitating electrons above various energies versus
time for a pass of the S81-1 satellite in the daytime.

Figure 5 The number of microbursts of precipitating relativistic electrons at
nighttime versus L-shell.

Figure 6 The fluxes of precipitating electrons above various energies versus
time for a pass of the S81-1 satellite in the daytime.

Figure 7 Simultaneous wave intensities and electron fluxes versus time for a

pass of the S81-1 satellite in the nighttime.

Figure 8 The frequency of occurrence of the electron microbursts.

Figure 9 The locations of microbursts observed in the 2500 E to 3100 E
longitude interval.
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